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7HEN a current of electricity is made to pass through a tube 

containing mercury vapor, it may, or may not, encounter a large 

resistance at or near the junction of the vapor with the negative 

electrode. If an induction coil or a static machine be employed as 

a source of current supply, this large resistance invariably exists. 

But under certain conditions it disappears almost completely ; in 

fact, it may so far disappear that instead of a resistance of thousands 

of ohms one of less than one ohm may obtain. Under such condi- 

tions, the current carrying capacity of a tube may become enormous. 

When the high negative electrode resistance is present, the current is 

conveniently measured in milli-amperes ; but when it is not, the am- 

pere is none too large for a convenient unit. In some cases, a cur- 

rent of over one hundred amperes has been passed through a tube 

containing mercury vapor. 

The phenomena which accompany the passage of large currents 

through mercury vapor are exceedingly numerous and diverse, 

offering opportunities for investigation along many different lines 

giving promise of interesting and important results. In particular, 

any information which can be derived that will enable us to specify 

the quantities upon which the conductivity of the vapor depends, 

and the manner in which the variation of these quantities affects the 

conductivity, is likely to prove of considerable importance in con- 

nection with the electron theory of conduction in gases. The dis- 
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cussion in the present paper is chiefly concerned with this phase of 

the subject, that is, with the experimental investigation of the con- 

ducting properties of the so-called ‘positive column.” Before 

going into a detailed discussion of this matter, some general phe- 

nomena to be observed in a tube carrying large currents will be 

noticed. 

GENERAL PHENOMENA. 

Fig. I represents a tube exhausted save for mercury vapor. The 

positive electrode, a, is of iron, although by slightly varying the 

construction of the tube a positive electrode of liquid mercury might 

be used. In fact, any metal may be used as a positive 

electrode with good results, provided it does not undergo 

physical or chemical change under the conditions of use. 

The negative electrode, 4, always consists of liquid 

ii mercury, because this material although easily vaporized 

soon condenses and falls to the bottom of the tube thus 

becoming again part of the electrode ; and this action 

has no deleterious effect upon the walls of the tube. 

Furthermore, it has been shown that electricity passes 

\@ from a gas to a metal much more readily when the latter 

Y is easily capable of disintegration of some sort. When 

the tube is operating normally, there is about the anode a 

region extending to c, which is practically non-luminous. 

At c the luminous column begins and ends at d@. At d there is 

a narrow dark space, then a narrow luminous section, and follow- 

ing this a dark space, extending to the negative electrode but pene- 

trated by a conical flame extending from a brightly luminous spot 

on the surface of the electrode to the bright layer just mentioned. 

The anode, under normal conditions, presents nothing of particu- 

lar interest in a CASUAL observation of its action except a slight 

luminous protuberance which projects out into the non-luminous 

region about it; and the electrode itself does not appear to be 

heated to any extent. But if the tube is made to carry an abnormal 

amount of current, the luminous column extends up to the electrode 

and joins with it, sometimes in one, sometimes in numerous bright 

spots, and at these spots the electrode itself is sometimes heated to 

a red or even a white heat and the tube is said to “arc.””’ Under 

Fig. 1. 
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ordinary conditions, the current appears to be leaving the electrode 

over a considerable extent of surface. Again, under certain condi- 

tions, a blue velvety glow will appear over the entire surface of the 

electrode. When this is present, and likewise when arcing takes 

place, there is a large increase in the potential drop over the anode, 

and also in the temperature measured by a thermo-couple in the 

neighborhood of the anode. 

The cathode presents, even in a casual examination, numerous phe- 

nomena of much interest. The bright spot at which the current 

enters the electrode indicates that the current must encounter con- 

derable resistance just there. This bright spot does not remain 

stationary but dances around over the surface in very lively fashion. 

This dancing effect can be made to disappear, as Dr. Hewitt has 

shown, by causing a platinum wire to protrude slightly above the 

surface of the mercury. When this is done, the current seems to 

prefer to enter the electrode where the wire emerges from its sur- 

face. At the point where the current enters the electrode, there is 

a marked depression in the surface of the mercury. The depth of 

this depression is sometimes as much as three or four millimeters. 

The length of the first negative dark space seems to depend very 

much upon the current and the diameter of the tube, also upon the 

vapor density. An attempt was made to find how the current and 

diameter of the tube affect the length of the dark space. The 

results are to be found in the following table. 

The numbers in the table indicate the length of the dark space in 

centimeters. 
TABLE I. 

Current Diameter of Tube in Centimeters, 

hapa. 2.54 5.1 8.5 9.0 

1 2.5 4.0 6.0 6.0 

2 3.0 5.0 6.5 6.5 

3 3.0 $5 6.5 6.7 

4 2.0 6.0 6.8 6.9 

5 Ill Defined. 6.5 7.0 7.3 

The effect of increasing the density is to decrease the length of 

the dark space, and it is quite probable that the differences with dif- 

ferent diameters indicated in the above table may be due to this 
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cause. This view is supported by the fact that when the tube is on 

the pump the dark space is longer with a given current than it is 

when operated off the pump with the same current. 

The temperature in the dark space except near its junction with 

the luminous column, and possibly in the negative flame, is low in 

comparison with that in the luminous column ; for, in this region, 

the vapor condenses readily upon the walls of the tube. 

The behavior of the “ negative flame” proceeding from the bright 

spot on the negative electrode under the action of magnetic force 

has been investigated by Dr. Hewitt, and the results will probably 

appear in another place. 

The Positive Column, viewed from the side, usually appears uni- 

formly luminous except in the neighborhood of its extremities c and 

d; viewed from the end, it appears brightest at the axis of the tube ; 

and at low vapor densities the luminosity falls off gradually towards 

the walls of the tube; but at high vapor densities the luminosity is 

confined to a small circular cylinder concentric with the axis of the 

tube. The cross-section of this cylinder increases with increase of 

current, and decreases with increase of vapor density. 

Sometimes, in the early stages of exhaustion, a tube will show 

beautifully defined striations which may be made to dissolve into 

a uniformly luminous column by varying the current 

J) slightly in either direction from a certain value favorable 

la to the striated condition. The most beautiful striations 

\\ O are obtained with tubes of large diameters. 

\ | + THE ELECTROMOTIVE INTENSITY AND THE TEMPERA- 

\ TURE ALONG THE PositivE CoLumn. —In order to find 

{ | 2 out how the temperature and the electromotive intensity 

vary along the length of the column, the tube shown in 

| | <4 Fig. 2 was constructed. At a, 6,c andd are thermo- 

; couples serving also as terminals for an electrostatic 

3 voltmeter. The tube was I.g cms. in diameter and 

4 the distance between successive electrodes 38 centime- 

Fig. 2. ters. The results contained in Table II. were found, the 

electromotive intensity being the average between the 

points indicated. 
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TaBLe II. 

Current in Electromotive Intensity in Volts per cm. Temperature in Degrees 
Amperes. between Centigrade at 

a—b éb—c c ad a é c ad 

1.25 645 .660 .641 123 83 105-134 
1.75 -612 .612 .590 143-88 143. 160 

2.25 .580 .585 .557 172 125 175 = 200 
2.75 552 .559 537 200 123(?) 205 241 
3.25 .535 .548 561 243 167 242 297 

The numbers in this table are for the case of the tube operating 

in air at the room temperature of about 20° C. The results given 

are typical of those which could be obtained from a tube of any 

diameter. 

The Drop in Potential over the Anode.— By the phrase ‘ drop in 

potential over the anode”’ is meant the difference in potential between 

the anode itself and a small wire (thermo-couple) sealed into the 

tube with its end about one centimeter in front of the anode. The 

following table gives the results obtained from a tube 1.9 centi- 

meters in diameter ; the temperatures given are those furnished by 

the thermo-couple which at the same time served as one of the ter- 

minals for the electrometer. 

Tasce III. 

Current in Amperes. Anode Drop in Volts. Temperature in C°, 

1.25 6.5 123 

1.75 5.8 143 

2.25 5.4 172 

2.75 5.1 200 

3.25 4.6 243 

These figures were obtained while the tube was behaving normally 

at the anode ; that is, there was no arcing and no bluish haze over 

the electrode. The effect of these is to greatly increase the drop 

in potential over the anode, and also to cause a large increase of the 

temperature. The anode drop may rise to fifteen volts when the 

anode is behaving abnormally. Much larger currents than the last 

given in the table could not be used without producing arcing. As 

the main object of the investigation was to study the behavior of 

the vapor column, no exhaustive study of phenomena at the elec- 
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trodes was made but, in all probability, the results given above are 

typical of those which would be obtained from all tubes. It is note- 

worthy that the larger the current the less the anode drop. If the 

anode consist of liquid mercury instead of iron, the anode drop is 

considerably greater under similar circumstances. The current prob- 

ably does extra work in vaporizing the mercury. 

The Drop in Potential over the Cathode. — From experiments upon 

a number of different tubes it appears that the drop in potential over 

the cathode is very nearly independent of the current, and about five 

volts in magnitude. Dr. von Rechlinghausen has shown by using 

very short tubes of large diameter, so that the resistance of the 

vapor could be neglected, that the sum of the cathode and anode 

drops decreases slowly as the current increases. He employed in 

one instance a current as large as 100 amperes. The lowest value 

for the sum of the two drops which he obtained was 7.5 volts. 

From what has been said above, it is probable that this low value is 

due to the favorable action of large currents in decreasing the resist- 

ance encountered by the current at the anode. 

METHODS OF STARTING TuBEs.—The methods employed in 

starting tubes have already been described by Dr. Hewitt and will 

be but briefly referred to here. 

The method of starting by high ten- 

L sion discharge is the one which was em. 

ployed in the experiments described in 

- the present paper. A convenient arrange- 

ment in the application of this method is 
MAINS 

shown in Fig. 3. In multiple with the 

@s tube there is placed an oil switch in series 

with a resistance. When the switch is 

[‘]R closed a current passes from the positive 

to the negative main through the induct- 

¥ ance coil Z shown in the figure. Now 

Fig. 3. if the switch be suddenly opened a high 

tension discharge passes from the positive 

to the negative main by way of the tube, thus breaking down the high 

internal resistance of the tube and allowing the ordinary difference 

of potential of the mains to start and maintain a continuous current, 
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provided the external resistance in series with the tube is such as to 

permit the passage of a current which exceeds a certain minimum 

value. A variation of this method is obtained by removing the oil 

switch and making the inductance coil in series with the tube the 

secondary of an induction coil, the current in the primary of this 

coil being broken by a Wehnelt interrupter, for instance, when it is 

desired to start the tube. After the tube starts, the current through 

the primary is, of course, discontinued. 

The method of starting by contact consists simply in tilting the 

tube until the mercury from the negative electrode runs along the 

tube and makes contact with the positive electrode, then, upon tilting 

the tube back, a break is made, and the tube starts. On the whole, 

the high tension discharge method is the most satisfactory in practice. 

The Starting Band. — It was early discovered by Dr. Hewitt that, 

if a band of metal be wrapped around the outside of the tube in the 

neighborhood of the surface of the liquid mercury constituting the 

cathode and connected by a wire to the positive terminal of the tube, 

then the tube will start under a less high potential difference when 

the method of starting by high tension discharge is employed. The 

exact nature of the action of this starting band is somewhat obscure. 

The Action of Inductance in Series with the Tube.— A tube is 

almost always operated with a certain amount of inductance and 

resistance in series with it. The action of both is to help towards 

steadiness of operation. But inductance and resistance are not nec- 

essary when the tube is small enough to cause the walls to restrict 

very much the area which the conducting column would cover if it 

met with no interference from the walls. 

Suppose a tube to be operating, and let the current be grad- 

ually decreased. When the current reaches a certain value the 

tube suddenly ceases to operate; repeat the experiment, and the 

same thing happens at approximately the same value of the current. 

This value of the current is called the ‘‘ minimum value,” and is 

designated by /. 
m 

Now /) is a function of the external inductance 

and also of the external resistance, and moreover, not only of the 

magnitude of the inductance, but also of the nature of the same. By 

this is meant, for instance, that an inductance with a closed iron 

core will have a different effect in determining the value of 7, than 
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will an inductance of equal magnitude with a straight iron core. 

The latter determines a smaller value of /,. The general nature of 

the functional relation between /, and the inductance, Z, is as fol- 

lows: When the inductance, Z, is quite small, a few milli-henrys, 

say, and the resistance in series with the tube is not very large, 

say over thirty ohms, then /, will be somewhere in the neighbor- 

hood of three amperes. As the value of Z is increased the value 

of 7, will decrease very rapidly at first, then more slowly. When 

L has a value of one henry, then /) is about .5 of an ampere. An 

increase in Z to four henrys causes but a slight decrease in 7. In 

fact if the functional relation be plotted, the curve appears to become 

asymptotic toa line 7, = .4, approximately. The “minimum value” 

of the current seems to vary somewhat with the diameter of the 

tube, being smaller for tubes of smaller diameter. 

The increase of external resistance, the E.M.F. of supply being 

increased to correspond, effects a decrease in /,. But in practice 

this is not so good a method of producing the desired result, namely 

a small value of 7, which means steadiness of operation. 

Certain Voltage Current Relations. 

Before proceeding to the consideration of the specific factors 

which determine the conductivity of a mercury vapor column, cer- 

tain relations between the voltage over a tube and the current 

passing through it will be presented. The remarks immediately 

following apply to the case of a tube operating in air at ordinary 

room temperature. The diagrams comprehending the results are 

from a paper by Dr. Hewitt.' These results are introduced here, 

not alone for the sake of completeness, but 

also because a study of them suggested 

methods of attack upon the more difficult 

problem of the segregation of the factors 

VOLTS 
which determine the conductivity of the 

vapor column itself. 

Fig. 4 shows the general nature of the 

° AMPERES relation between the voltage over a tube 

Fig. 4. and the current passing through it. 

1 Electrical World and Engineer, April 27, 1901, p. 679. 
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The form and position of this curve may easily be changed by 

altering the radiating power of the tube, and this is more especially 

true of the right hand limb of the curve. This fact points towards 

the conclusion that the density of the vapor plays an important 

role in determining the conductivity of a vapor column. 

Fig. 5 is another diagram taken from Dr. Hewitt’s earlier paper. 

The currents employed and the diameter of the tube were such 

that the vapor density was an important factor in determining the 

conductivity of the vapor column. The points fixing the curve 

were obtained as follows. The tube was started with a current of 

120 

110 

—_ ° °o 

© °o 

VOLTS OVER TUBE 
© °o 

70 

60 

50 

AMPERES 

Fig. 5. 

three amperes and the voltage over the tube taken, then the external 

resistance was suddenly decreased, causing an increase of current ; 

the voltage did not immediately increase but soon began to do so 

and the current simultaneously decreased somewhat. In a few 

minutes the current and voltage became stationary; these were 

noted and determine the second point on the curve. The other 

points were obtained in the same way. The points thus represent 

steady states. The interesting thing in connection with this experi- 

ment is the fact that considerable time is required to reach a new 
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steady state after the current is changed. This is attributed to the 

sluggish variation in the vapor density following the increase in 

temperature due to the increase in current. Upon the fact that the 

density variation follows sluggishly the current variation is based 

the method for finding the relation between the conductivity of the 

vapor column and the vapor density. This method will now be 

described. 

DESCRIPTION OF THE METHOD OF EXPERIMENT. 

To discover experimentally the exact role which the density of 

the vapor plays in determining the conductivity of the vapor was 

difficult. Perhaps the most difficult thing of all was to discover 

what vapor density exists in a tube carrying a large current of elec- 

tricity. Owing to large temperature differences between points 

along the axis of the tube and points near the walls there is prob- 

ably a very considerable variation in the vapor density over a cross- 

section of the vapor column. So far, what has been done is to 

find the effect of varying the mean density in a tube upon the elec- 

tromotive intensity. The experiments about to be described show 

how this was accomplished. It was finally decided to adopt a 

method of experimentation which would ensure the vapor to be in 

a state of saturation at every point in the tube at any desired tem- 

perature while no current was flowing. Then, if the temperature 

corresponding to this state be known, the vapor pressure and the 

vapor density may be deduced with the aid of tables. Now, if a 

current be sent through the tube and the drop in potential over a 

known length of vapor column be taken immediately, it will be that 

corresponding to a mean density of the vapor equal to the vapor 

density existing in the tube just before it was started, which is deter- 

mined as described above. By repeating this proceedure over a 

range of temperatures, the effect of variation of the vapor density 

upon the electromotive intensity may be found. In the application 

of this method, it is assunied that a variation of the mean vapor 

density follows but slowly the introduction of the current. That 

this is the case, has been already pointed out. 

The device employed to secure different vapor densities by filling 

the tube with saturated vapor at different temperatures is shown in 

Fig. 6. The upright hollow cylindrical columns shown in the figure 
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were of very thick asbestos. At the top and bottom of these 

columns are wooden boxes lined with asbestos. These boxes had 

openings into the columns so that a free circulation of air could be 

produced throughout the interior of the arrangement. The tube is 

seen hanging in the right hand column, and in the left is seen the 

electric heating coil. The fan, seen just above this coil, was operated 

by an electric motor and caused the hot air produced by the action 
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of the coil to circulate rapidly in the direction indicated by the 

arrows. By regulating the resistance in series with the heating coil, 

any desired temperature of the air surrounding the tube could be 

maintained. The diagram of connections is clearly shown in the 

figure. The temperature of the saturated vapor was found by the 

thermo-couple in connection with the D’Arsonval galvanometer. 

A Kelvin electrostatic voltmeter was employed to determine the 

drop in potential between the two thermo-couples shown in the 

figure ; these latter were about 15 centimeters apart in all cases. 

The tubes employed in the experiments to be now described were 

all about 60 centimeters in length. The diameters of these tubes 

varied from 1.25 centimeters to 5.08 centimeters. 
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In making an experiment, the usual procedure was to raise the 

temperature to about 170° C., and to keep it stationary there for 

about ten minutes before starting the tube. The desired current 

was started in the tube and a reading on the voltmeter taken as 

soon as possible, after which, the current was turned off. Then the 

temperature was very gradually lowered and further readings taken 

at the temperatures selected and with the same current. The time 

occupied in making a set of experiments upon a given tube with a 

given current was usually about six hours. The vapor pressures 

corresponding to the temperatures selected were taken from a curve 

plotted from the experimental results given by Hertz. The galva- 

nometer used in connection with the thermo-couple had a bad habit 

of changing its zero position in the midst of a set of experiments, 

and in spite of the care used to overcome this trouble it is probable 

that some slight errors crept in from this cause. 

RESULTs. 

The results of the experiments thus made are to be found in the 

following tables. 
TABLE V. 

Diameter of Tube—=1.25 cms. Current = .5 Ampere. 

: | : 

Temperature Pressure in Electromotive Temperature Pressure in Electromotive 
in CO. mm. Hg. Intensity in in C° mm. Hg. Intensity in 

Volts per cm. Volts per cm. 

158.0 4.05 1.90 140.7 2.02 1.35 

155.3 3.62 1.79 138.7 1.84 1.33 

151.2 3.09 1.67 136.7 1.68 1.26 

149.0 2.84 1.60 132.4 1.38 1.19 

147.0 2.63 1.54 128.0 1.14 1.14 
145.0 2.43 1.48 119.3 75 1.03 

143.0 2.23 1.46 101.0 .30 .98 

TABLE VI. 

Diameter of Tube =1.25 cms. Current=1 Ampere. 

Temperature Pressure in Electromotive Temperature Pressure in Electromotive 
in C°, mm. Hg. :Intensity in in C°. mm. Hg. Intensity in 

Volts per cm. Volts per cm. 

167.0 5.60 2.04 149.3 2.90 1.47 
163.5 4.92 1.89 145.0 2.43 1.33 

159.5 4.30 1.75 140.7 2.02 1.24 
157.5 3.97 1.70 132.4 1.38 1.08 

155.5 3.65 1.66 123.3 91 973 

153.5 3.39 1.60 104.5 37 897 
151.3 3 _| _353_ 
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Temperature 
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151.3 

Diameter of Tube 

Pressure in 
mm. Hg. 

4.90 
4.05 

3.62 
3.09 
2.84 
2.63 

Diameter of 

Pressure in 
mm. Hg. 

5.60 
4.92 
4.30 
3.97 

3.65 
3.39 

3.10 

Diameter of 

Pressure in 
mm. Hg. 

5.60 
4.92 
4.30 
3.97 

3.65 

3.39 

Diameter of Tube 

Pressure in 

mm. Hg. 

6.40 

5.60 
4.92 

4.30 

3.65 
3.10 

ELECTRICITY IN MERCURY 

Tasie VII. 

2.54 cms. Current =1 Ampere. 

Electromotive Temperature Pressure in 
Intensity in in C°. mm. Hg. 
Volts per cm. 

1.33 145.0 2.43 

1.24 140.7 2.02 

1.19 136.7 1.68 

je 128.0 1.14 

1.06 119.3 .75 

1.00 101.0 .30 

TasLe VIII. 
Tube — 2.54 cms. 

Electromotive 
| Intensity in 
| Volts per cm. 

1.31 

1.20 

1.14 

1.09 

1.03 
-966 

-920 | 

Current = 2 Amperes. 

Temperature Pressure in 
in C°, mm. Hg. 

149.3 2.90 

145.0 2.43 
140.7 2.02 

132.4 1.38 

123.3 91 
104.5 .37 

84 12 

TABLE IX. 

Tube — 3.80 cms. 

Electromotive 
Intensity in 

Volts per cm. 

1.47 

1.35 
1.28 

1.22 

1.17 

1.12 

Current = .5 Ampere. 

Temperature Pressure in 
in C°, mm. Hg. 

151.3 3.10 

149.3 2.90 

145.0 2.43 

140.7 2.02 

132.3 1.37 

123.3 91 

TABLE X. 

Electromotive Tem perature 
Intensity in 

Volts per cm. 

1.32 

1.20 

1.10 

1.04 

.974 
-913 

3.80 cms. 

in C°, 

144.7 

136.8 
130.0 

120.0 

108.0 
81.4 

Current 

VAPOR. 

2.40 

1.69 
1.24 

78 

-43 
.10 

1 Ampere. 

Pressure in 
mm. Hg. 

Electromotive 
Intensity in 

Volts per cm. 

.945 

.864 

.790 

-688 

-620 

.550 

Electromotive 
Intensity in 

Volts per cm. 

.878 

.824 

.770 

-633 

.578 

.503 

.490 

Electromotive 
Intensity in 

Volts per cm. 

1.07 

1.03 

-947 

.893 

.718 

.630 

Electromotive 
Intensity in 

Volts per cm. 

.852 

.723 
-608 

-486 

-426 

-400 
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TABLE XI. 

Temperature Pressurein Electromotive Temperature 
in C°, mm. Hg. Intensity in in C°. 

Volts per cm. 

167.0 5.60 -987 149.3 

163.5 4.92 -926 145.0 

159.5 4.30 .865 140.7 

157.5 3.97 .812 132.3 

155.5 3.65 .790 123.3 

153.3 3.39 .778 104.5 

TABLE XII. 

Diameter of Tube =5.08 cms. Current 

Temperature Pressure in Electromotive Temperature 
in C°, mm, Hg. Intensity in in C° 

Volts per cm. 

170.1 6.40 1.19 145.0 

167.0 5.60 1.13 143.0 

163.5 4.92 1.03 138.6 

159.5 4.30 -960 134.3 

155.5 3.65 .872 130.0 

151.3 3.10 .818 125.5 

149.3 2.90 .798 104.5 

147.3 2.65 .757 

TaBLe XIII. 

Diameter of Tube — 5.08 cms. 

Temperature Pressure in Electromotive | Temperature 
in C°, mm. Hg. Intensity in in C° 

Volts percm. 

170.1 6.40 1.013 147.3 

167.0 5.60 -960 145.0 

163.5 4.92 .879 143.0 

161.7 4.62 .859 140.7 

159.5 4.30 .818 138.6 

157.5 3.97 .805 134.3 

155.5 3.65 .778 130.0 

153.5 3.39 -757 121.0 

151.3 3.10 .710 111.7 

149.3 2.90 -703 101.8 

These tabulated results are exhibited graphically in the following 

diagrams. 

Current = 3. Amperes. 

Current =2 Amperes. 

[Vor. XIX. 
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mm e. agenmiy i 
2.90 .744 

2.43 .676 

2.02 .607 

1.37 .534 

91 -452 

.37 .365 

-1 Ampere. 

Pressure in Electromotive 

on. Coy F «npn hl 

2.43 .723 

2.23 .710 

1.83 .648 

1.52 .675 

1.24 .533 

.94 .520 

.37 .398 

Electromotive Pressure in —s 
Intensity in 

aes. Sg. Volts per cm. 

2.65 .690 

2.43 .662 

2.23 .628 

2.02 .580 

1.83 .540 

1.52 .493 

1.24 -460 

82 385 
52 .345 

31 .338 
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DISCUSSION OF THE RESULTS. 

It is evident from these diagrams that, with the exception of 

values of the electromotive intensity corresponding to pressures less 

than half a millimeter of mercury, the relation between electro- 

2.0 

1.1 — +44 - — 

i$/ DIA. = 1.25 CMS. 

ELECT@POMOTIVE INTENSITY IN VOLTS PER CM, 

°o 

1°) 1 2 3 4 5 6 7 

PRESSURE_IN MM,OF MERCURY 

Fig. 7. 

motive intensity and pressure may be fairly well represented by two 

intersecting straight lines. The pressure corresponding to the 

point of intersection of these lines depends upon both the diameter 

of the tube and the current, and if J, be the pressure corresponding 

to the point of intersection, then approximately 

4 

J waste 
Q 

/D 
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numerically, wherein / stands for the current inamperes, and J for the 

diameter of the tube in centimeters. Ata value of the pressure about 

equal to Jo, the walls of the tube seem to cease to exert a restrictive 

action upon the conducting vapor column; the luminous column 

TEMPERATURE INC 
0 ° 

@ vv 
0 o 
- - 

| 

125. 150. 
1.6 

+———4140.5 

ELECTROMOTIVE INTENSITY IN VOLTS PER CM, 

2 
PRESSURE iN VM OF MERCURY 

Fig. 8. 

/ seems to leave the walls of the tube about this point and to grow 

less and less in diameter as the pressure increases. It appears 

then, that in considering the action of pressure, or rather of vapor 
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density, in affecting the conductivity of the vapor contained in the 

tube, it is necessary to consider two cases, 772: Case I., in which the 

walls of the tube exert a restrictive action upon the luminous 

column ; Case II., in which the luminous column is practically free 
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Fig. 9. 

of the walls of the tube. It will be noticed in the diagrams that 

the slopes of the lines representing the latter case are less than 

those representing the former. The slopes in both cases are de- 

pendent upon both the diameter of the tube and the current. 
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An attempt was made to find an empirical formula which would 

represent the results given in the above tables and diagrams. It 

was found that the results are represented with considerable accuracy 

by the formula 
I reals Mery ea+ volt 
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Fig. 10. 

wherein X represents the electromotive intensity in volts per centi- 

meter, / the current in amperes, DY the diameter of the tube in 

centimeters and J the vapor pressure in millimeters of mercury ; 
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and wherein a, 6, c and @ are constants which suddenly jump in 

value when the pressure J, is reached ; the values of the constants 

which do not change in value when this point is reached are in- 

serted in the formula. The numerical values of these constants are 

Below So. Above 39. 

a -0545 .150 

b .775 .398 

c 1.71 .122 

a .100 .370 

An idea of the accuracy with which the formula represents the 

observations is obtained from the consideration of the fact that the 

lines on the diagrams are plotted from the above formula, while the 

small circles represent the observations ; the case of the tube with 

x 
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Fig. 11. 

the diameter 1.25 cms. and current .5 of an ampere is an exception 

and the only one, to this statement. In this case the values given 

by the formula are about 8 per cent. too high. This empirical 

formula was suggested by certain properties which the curves 

plotted to the observations possess, namely — for a given diameter, 

the lines for different currents representing the observations 

below J,, when produced, meet in a point 7; and likewise, the 
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lines for different currents representing the observations above do, 

meet in a point s; and the points y and s are both to the left of the 

axis of electromotive intensity and at the same distance from it ; and 

furthermore, if the diameter of the tube be changed, the points ~ and 

s move along lines which are para//e/ to the axis of pressure. These 

properties are shown by the points of intersection of the dotted lines 

in the various diagrams above. The lines along which x and s move 

as the diameter is varied are Y=.10 and X =.37, for r and s 

respectively, and these numbers are those which « assumes in the 

formula according as we are dealing with the restricted or unre- 

stricted conducting column. A reference to Fig. 11 will serve 

perhaps, to make the matter clearer. A pair of lines representing 

the observations on a given tube with a given current is shown. 

The points v and s are determined as the points of intersection of 

the lines RO and X = a’ =.10, and of the lines OS and X = a” 

=.37. Now the equation of either of the lines RQ, QS is of the 

type 

> gq 
Xx aot H+ 

The observations show that g is a function of both / and D, and 

that f is a function of D alone; and it was found that 

G_ I (< I 
saa(s+ 7) c+) 

and 
2 I 

P"D* JD 

represent the facts quite accurately within the limits of experiment ; 

and so the empirical formula given above was derived. 

The formula does not represent the results for pressures below 

.3 mm. of mercury. At about this pressure, the electromotive inten- 

sity assumes a value which remains nearly constant as the pressure 

is still further decreased. Inthe present experiments, the pressures 

employed were not small enough to indicate the probable large 

values of the electromotive intensity which obtain for very low 

densities. [The investigation of the conducting properties of mer- 

cury vapor under these conditions would furnish interesting results. 
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Instead of the heating chamber employed in the present experiments, 

a cooling chamber would probably be required. ] 

There is one objection to the method employed in the present 

investigation which applies particularly to small tubes, in that the 

method prohibits the use of very large currents, which would cause 

such rapid heating as to produce a considerable change in the 

vapor density existing in the tube, before the necessary readings 

could be taken. 

THE RELATION BETWEEN ELECTROMOTIVE INTENSITY AND 

CURRENT. 

In order to exhibit the relation between electromotive intensity 

and current, the curves shown in Fig. 12 were plotted from the 

formula. The curves shown all relate to a pressure of one milli- 

1.0 

ELECTROMOTIVE INTENSITY IN VOLTS PER CM 

1 2 3 a 5 6 7 8 i) 10 

CURRENT IN AMPERES 

Fig. 12. 
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meter of mercury. The effect of current in increasing the con- 

ductivity of a tube is clearly shown. It would appear, however, as 

though this effect of the current may be largely due to a change in 

the distribution of the vapor density radially from the axis of the 

tube. For, as an increase in the current means more heating of the 

vapor in the path of the current and a consequent higher tempera- 

ture, the vapor density in the path of the current will therefore be 

decreased, with the result that the conductivity of the tube is thereby 

increased. The current, as it were, throws the obstructing matter 

out of its path. This view seems to be supported by the fact that 

when the current is small the effect is greatest. For, in this case, 

there is more relatively non-conducting space near the walls into 

which the obstructing matter may be pushed without being still in 

the path of the current, which is for the most part in the neighbor- 

hood of the axis of the tube, where the heating is greatest. As the 

current gets larger, more and more of the available cross-section of 

the vapor column becomes conducting, with the result that the space 

into which the superfluous material may be thrust without inter- 

fering with the passage of the current becomes less. The effect of 

increasing the vapor density is to cause the current to become 

more concentrated in the neighborhood of the axis of the tube, so 

the effect just described should be larger at higher densities. 

That this is the case is evident if we consider the derivative of 

with respect to /, namely, 

0X a 1 \{ f4a2 I I 

= —a(¢+ yp) i 2 +S Re 

Another cause operates also to assist the action of the current in 

reducing the electromotive intensity, namely, the increase in con- 

ducting area which follows an increase of current. This is easily 

observed in a large tube by viewing it from either end; upon 

increasing the current, the diameter of the luminous column immedi- 

ately becomes greater. 

THE RELATION BETWEEN ELECTROMOTIVE INTENSITY AND 

DIAMETER OF TUBES. 

This relation is exhibited in Fig. 13 for four different currents, 

the curves all corresponding to a pressure of one millimeter of 
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When the diameter is small, the effect of increasing it 

upon the electromotive intensity is greater than when it is large, 

owing to the fact that the restrictive action of the walls upon the 

diameter of the conducting column of vapor is greater in the former 

case, 

1.2 

ELECTROMOTIVE INTENSITY IN VOLTS PER CMS, 

| 

PRESSURE =|1 MM OF HG. | 
| 

| | 
| 

—_— + + + +——_—_— ——EE 

>CURRENT = 1 AMP, 

CURRENT= 2 AMP, 

URRENT = 4 AMP, 

CURRENT = 8 AMP;>— 

3 4 5 6 7 8 9 10 
DIAMETER OF TUBE IN CMS, 

Fig. 13. 

APPROXIMATE EQUATIONS. 

Case in Which the Density is Large.—In this case we have 

approximately, if the diameter is not very small, 

X=a(s+ =a (c+ yp) ite J large 

in which, of course, the appropriate values of the constants a, 6 and 

c must be selected. 

Case in Which the Diameter is Large. —If the general equation 

(See above.) 



838 A. P. WILLS. [Vor. XIX. 

holds for sufficiently large diameters, then we may replace it by the 

approximate equation, 
I 

X = ac (0+ v1) J+a, D large. 

Case in Which the Current is Large. — Under the assumption, 

again, that the general equation includes the case, 

2 
X =ab(c+ 4+—+ at +4 / large. 

D‘* YD 

I 

vp) 
Hence, when the current is very large, the electromotive intensity is 

independent of current. 

Case in Which the Diameter and Current are Both Large. — The 

general equation reduces to 

X=abe-4t+a, J/and Diarge. 

It would appear from this equation that, if the general empirical 

formula given above may be assumed to hold for very large cur- 

rents and diameters, then the least electromotive intensity which will 

maintain a current in mercury vapor is somewhat greater than .1 of 

a volt per centimeter when the current is restricted, and somewhat 

greater than .37 of a volt per centimeter when it is unrestricted. 

It should be remembered that for values of J less than .3 milli- 

meters of mercury the formula does not hold, as the electromotive 

intensity then ceases to fall with the vapor pressure. When J = .3 

we have 
X = .022+ .10=.122, below Jy 

and 
X = .022 + .37 = .392, above Jo. 

It is questionable, however, if the formula be capable of such wide 

application. But it is most probable that a current of electricity 

may be maintained in mercury vapor under an electromotive in- 

tensity of less than .5 of a volt per centimeter. 

The experiments described in this paper were performed in the 

laboratory of Dr. Peter Cooper Hewitt, under his auspices, and at 

his instigation. I wish to acknowledge my obligations to Dr. 

Hewitt for his cordial encouragement throughout the progress of 

the work. 

DEPARTMENT OF MECHANICS, COLUMBIA UNIVERSITY, 

April 19, 1904. 



OPTICAL NOTES. 

OPTICAL NOTES. 

By Wa. W. CoBLENTz. 

I. REFLECTION AND REFRACTION AT THE INTERFACE OF TWO 

Mepia HaAvIiING INTERSECTING DISPERSION CURVES. 

CCASIONALLY there appear notices of methods for making 

objects invisible by selecting combinations of media having 

about the same index of refraction as the immersed solid. This 

subject was first investigated by Christiansen ' in 1884. His object 

was to show that white powders are transparent. For this purpose 

he used a mixture of ground glass, benzene and carbondisulphide. 

The transmitted light varied in color from violet to red, depending 

upon the size of the glass particles, upon the quantity of carbon- 

disulphide mixed with the benzene, and also upon the temperature. 

That wave-length, for which there is an equality of the indices of 

refraction of the mixture, is transmitted without reflection or refrac- 

tion. It varies with the temperature, is fairly homogeneous, and is 

called ‘‘ Monochrome”’ by Christiansen. The reflected and refracted 

colors bear his name. 

The most recent notice on this subject is by Wood,' who dis- 

solved chloralhydrate in glycerine. This solution has almost the 

same dispersion as glass, and finely powdered glass, in it, is trans- 

parent without showing a trace of Christiansen’s colors. 

The object of the present communication is to call attention to a 

phenomenon connected with media having intersecting dispersion 

curves, hence the same index of refraction for a certain wave-length 

of light. 

While investigating the infra-red absorption spectrum of eugenol, 

C,,H,,0,, it was found that the liquid had decomposed on standing 

exposed to the light, the color having changed from a light to a 

deep reddish brown. As a film between two plates of rock salt, 

1 Christiansen, Ann. der Phys., 23, p. 298, 1884. 

2 Wood, Puys. REv., Vol. XV., p. 123, 1902 
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observed at a varying angle of almost grazing emergence of the 

light, one sees a brilliant series of spectral colors — reddish brown 

for the reflected, and violet for the transmitted rays. Safrol, 

C,,H,,O,, which is light straw-color also shows this effect while car- 

vacrol C,,H,,O, also straw-color, does not. At first this seemed 

likely to be due to “ Resonance.” But the directly transmitted 

light showed no peculiarities as viewed in a direct-vision spectroscope. 

Furthermore, the same films between glass plates lost this property. 

It was then suggested by Professor Nichols that this is probably 

due to the near equality of the refractive indices of the two media. 

1.57 

1,56 

1.55 

N=1.53 

Fig. 1. 

Dispersion curves : 1 = benzaldehyde ; 2 = eugenol ; 3 = safrol ; 4 — methyl eugenol ; 

5 =cuminol; 6 rock salt. 

A glance at the dispersion curves' of rock salt and the liquids, 

in Fig. 1, explains the question. In fact they contain more infor- 

mation than was first anticipated. In the region to the right of 

their intersection with the rock salt dispersion curve, the indices of 

refraction of the liquids are /ess than for rock salt, while to the /e/¢ 

of their intersection they are greater. To the right of this intersec- 

tion, as the rays pass from rock salt to the liquid, we have the 

ordinary case of total internal reflection, which can occur only when 

1 Indices from Landolt & Bérnstein, Physical Tables. 



No. 2.] OPTICAL NOTES. gi 

a ray, traveling in a given medium, falls upon the boundary separat- 

ing it from a less refracting medium at an angle of incidence greater 

than the critical angle. To the /ef/t of the intersection, in the same 

manner, the rays pass from a less to a greater refracting medium, 

and we have the ordinary case of refraction. 

However the occurrence of total reflection, and of refraction at 

the boundary of two media, at the same time, by breaking up and 

dispersing a non-homogeneous ray of light is rather unique, and is 

so easily observed that it seems worth mentioning. It impresses us 

the more with the question of what occurs at the interface of two 

media, of optical density, etc., which will be considered presently. 
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Fig. 2. 

Let us first consider what has really been observed when non- 

homogeneous light passes into a combination of media like a film 

of eugenol (from oil of cloves or benzaldehyde from bitter almond- 

oil; the essential oils might answer the purpose), held between 

the two plates of rock salt, as indicated in Fig. 2, where 9, 

, = plates, s = the source of light, 4 = an opaque screen to pre- 

vent light from entering from below and thus confusing the resultant 

distribution of light. It was found, on viewing the surface of the 

films of eugenol at an angle of almost grazing emergence, as shown 

in Fig. 2, that the totally reflected light was a reddish brown, which 

changed to a greenish yellow as the angle with the normal was 

increased. Viewed end on a light green was visible. Moving the 

eye farther along so as to get the transmitted light, a quite deep 

blue appeared which changed to a blue-green, and finally light 

green as the eye was moved farther around the edge. For benzol- 

dehyde, following in the same order, the reflected light was a deep 

red, cardinal, reddish brown to orange, then blue to green for the 

transmitted rays. In the same manner the colors for safrol were 

reddish brown, orange to light green for reflection, then violet, blue 

green to light green for the transmitted ray. Most interesting of 
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all is cuminol, C,,H,,O, which, as will be noticed in the dispersion 

curves, Fig. 1, intersects the rock salt curve towards the violet. 

For this compound, the reflected rays, observed in the usual order, 

appeared in succession brownish red, yellow, green, and light green, 

while the transmitted rays were deep violet then blue to deep green. 

It is to be noticed that the arrangement of the spectral colors ap- 

pears anomalous, z. ¢., red, yellow, green, then violet, blue, green. 

However, since we are /ooking at the transmitted light we see the 

virtual spectrum in which case the violet appears the least refracted. 

A quotation from Rayleigh’ seems in order there, since the 

media in question show continuity as well as discontinuity when we 

consider their dispersion curves. This combination might possibly 

be used to study the question of a finite reflection at the interface 

of two media having different dispersive powers, at the point where 

the indices are the same. 

The present cursory examination shows qualitatively how de- 

pendent the reflected wave-lengths are upon the relative difference 

in the refractive indices. Thus for benzaldehyde where the inter- 

section of the dispersion-curves is toward the red no green is reflected 

while for cuminol all wave-lengths up to the deep green are reflected. 

The experiment is simple and easily performed. Rock salt is 

easily obtained. The natural cleavage surfaces last the longest, and 

are usually just as plane as the hand polished. The few striations 

will do no harm if the plates are put together at their common 

cleavage face. The splitting of the plates is most easily done by 

applying a thin, sharp-bladed knife, and tapping it gently with a 

light hammer. The size of the plate produced depends upon the 

dexterity of the manipulator as well as upon the homogeneity of the 

crystal. A plate 2x 3x.2 cm. will answer the purpose, unless a 

lantern projection is desired. A few drops of the liquid is placed 

1 Rayleigh, Light, Encyc. Britt., 9th ed., 24, p. 458, 1888. ‘*The whole problem 

of reflexion is so much concerned with the condition of things at the interface of two 

media about which we know so little. . . . Reflection depends entirely upon an approach 

to discontinuity in the properties of the medium. If the thickness of the transitional 

layer amounted to a few wave-lengths there would be no sensible reflexion at all. Our 

theories take no account of the fact that one at least of the media is disfersize. . . . We 
may thus expect a finite reflexion at the interface of two media if the dispersive powers 

are different even though the indices be absolutely the same for the waves under consider- 
ation, in which case there is no refraction.’’ 
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on a plate, which is then covered with a second plate and the two 

held together in a clamp or by means of a wire wrapped around 

them. The liquids mentioned have high boiling points, hence are 

convenient to manipulate. The incident light should not be too 

intense. Daylight has sometimes been found most serviceable. 

The bottom, one end, and the two sides of the lower plate should 

be protected from stray light. The incident light is then permitted 

to enter from above, and viewed from the other end, as already 

described. Such plates will last for several months provided the 

surfaces have not been rubbed hard, nor scratched in cleaning. 

The disappearance of an object when immersed in a medium 

having the same refractive index is less exactly shown by placing 

powdered rock salt in one of the liquids mentioned. (Ordinary salt 

will not behave thus.) A blue color is visible for the transmitted 

light, while patches of totally reflected red are also apparent — 

“Christiansen colors.”” Applying heat the whole becomes opaque, 

but again becomes transparent on cooling. Fora lantern projection 

it is best to have the rock salt split into parallelopipeds having 

edges, say .5 to 1 cm. These are placed in a flat, glass cell and 

covered with benzaldehyde. In this case the reflected and refracted | 

rays (for light passing through the liquid) at the interface, are just | 

the reverse of the case already considered when the liquid was 

between the rock salt plates. Here we have violet, blue, green for 

reflection, then green, yellow, red for refraction, observed in the 

order already described. 

At the same time that one observes this effect at the upper sur- 

face of the rock salt cube, the phenomena already described for a 

film of liquid between the plates can be seen at the lower surface if 

precaution has been taken to avoid stray light from entering the 

sides and the bottom of the cell. To demonstrate this most suc- 

cessfully it is best to have one large parallelopiped of rock salt in 

the liquid, covering its sides and the upper half of one end with 

tinfoil to avoid confusion from stray light. Even then it is difficult 

to repeat one’s observations, and the method of placing the liquid 

between plates of rock salt seems preferable. However, for the 

spectacular, the display of colors from the parallelopipeds of rock 

salt in benzaldehyde rivals that obtained by interference of polarized 
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light in piles of mica plates. Rock salt is about the only transparent 

mineral from which such regular solids with plane, highly polished 

faces, can be obtained cheaply. The effect is rendered still more 

conspicuous by placing ground rock salt in the bottom of the cell 

and the parallelepipeds above, thus projecting both upon the screen 

at the same time. As the cell grows warmer from the lantern the 

wave-lengths transmitted without reflection or refraction will shift 

in a very striking manner. 

II. THe INFRARED ABSORPTION SPECTRUM OF SELENIUM. 

About a year and a half ago the absorption spectrum of a film 

of selenium, melted between rock salt plates, was found. Commer- 

cial vitreous selenium was used. It was found that the transmission 

varied with the age of the film, for the first few days, hence it 

seemed wise to repeat the work. Since then, through the courtesy 

of Dr. Carveth, of the Chemistry Department, an opportunity was 

granted to repeat the observations on very pure selenium prepared 

by A. P. Saunders.’ The results seem worth recording, since they 
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complete the exploration of the spectrum from the ultraviolet to 14 4 

in the infrared.” 

The results are shown in Fig. 3, in which curve a shows the 

' Saunders, Allotropic Forms of Selenium, Jour. Phys. Chem., Vol. 4, p. 423, 1900. 

? A mirror spectrometer, rock salt prism, and radiometer were used. Described in the 

Puys. Rev., Vol. XVI., Nos. 1 and 2, 1903. 
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transmission for the commercial material. The transparency at this 

time increased with increase in wave-length. Two days later the 

film was reéxamined, curve 4, when a constant transmission of about 

20 per cent. was found throughout the spectrum. This it continued 

to do, as was found on subsequent examination. 

Ordinary selenium contains sulphur, and since the latter changes 

from one crystallographic form to another soon after it has been 

melted and permitted to cool, this may perhaps explain this change 

in transparency. 

Curve ¢ gives the transmission of pure selenium, examined like 

the preceding. The dots show the first examination just after melt- 

ing while the crosses show the second one made two days later. It 

is to be noticed that the two curves coincide. 

Curve d gives the transmission for this film thirty days later. It 

likewise is fairly constant in its transmission, being parallel but about 

3 per cent. less than for the preceding dates. This, no doubt, is due 

to the fact that the film had to be remounted on the carrier before 

the spectrometer slit, while the surfaces of the rock salt plates may 

have changed by that amount. The results show that the pure 

material did not change from a varying to a constant transmission, 

as was found for the commercial article. The film of pure selenium 

was made by melting between very clear rock salt plates, heated 

just above the melting point. The film was homogeneous, and its 

color was a deep ruby-red. Thickness, 0.07 mm.; area, 8 x 14 mm. 

It would have been interesting to examine the metallic modifica- 

tion of selenium, But no film could be made procured that was free 

from rills, so the examination was never made. 

The absorption and refraction indices have been determined in 

the visible spectrum by Quincke,' in the visible and ultraviolet by 

Cornu,” and by Wood.* The ultraviolet reflecting power has been 

measured by Nutting.* He found that the reflecting power increases 

abruptly from a low value in the red to a maximum in the yellow, 

falls off slightly toward the violet and then more rapidly in the 

ultraviolet, which agrees with Wood's observations. Wood thinks 

1(uincke, Wied, Ann., Jubelband, p. 336, 1874. 

2 Cornu, Compt Rend., 108, 917 and 1211, 1889. 

3 Wood, Phil. Mag. (6), 3, p. 607, 1902. 

‘Nutting, PHys. Rev., XVI., p. 129, 1903. 
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that the violet and ultraviolet regions have several bands with 

maxima beyond .22y. This point is of considerable interest, be- 

cause of the high dielectric constant, 10.2, of selenium ; for accord- 

ing to the electromagnetic dispersion theory, the dielectric constant 

of any substance is the sum of that of the ions, which by acting on 

the ether waves cause absorption and dispersion, plus the dielectric 

constant of the ether. It has been noticed that selenium is quite 

transparent in the infrared and has no broad absorption bands. 

Hence, on the above hypothesis we must attribute this high dielectric 

constant to the ions whose free periods correspond in frequency to 

the green, blue and ultraviolet rays, as surmised by Wood. He 

also found that, for a film of selenium which absorbs but little of the 

red, the violet and ultraviolet is absorbed nearly as strongly as a 

metal film of the same thickness. This is one peculiarity of sele- 

nium, occupying, as it does, a position midway between the metals 

and non-metals. Like the metals (curve ¢, Fig. 3, from Hagen and 

Rubens‘) it has a high reflecting and absorbing power for the visible 

and ultraviolet rays. Unlike the metals but like the non-metals 

(except that it has no defined selective absorption bands) it is quite 

transparent in the infrared. Hagen and Rubens have examined a 

large number of metals and alloys to 144 and found a uniform, 

high reflecting power throughout the infrared region. They call 

attention to the enormous influence of the molecular free periods of 

the metals upon the optical region. The curves impress us with 

the complexity of the phenomenon of total (of metallic) reflection 

and the depth of penetration of the same, especially for a metallic 

film so thin that it is optically transparent in which case the pene- 

tration might be considered infinite, 7. ¢., the disturbance is never 

turned back but is transmitted. 

Curve /, Fig. 3, gives the transmission of a plate of sulphur 3.6 

mm. in thickness. Nothing was known about the direction of the 

optic axes. Since this is a problem by itself, in pleochroism, it will 

be sufficient to add that a natural crystal, 1.06 cm. in thickness, 

transmitted on an average about 50 per cent. where this plate of 

3.6 mm., but not so highly polished, transmitted only about 38 per 

' Hagen and Rubens, Verh. d. Deutsch. Phys. Gesell., 4, p. 55, 1902; 5, p. 113, 

1903. 
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cent. Asis well known, sulphur and selenium have an extraordi- 

nary similarity in their properties, but no such similarity is to be 

found in their transmission curves. Like the metals, selenium is 

more opaque than sulphur and its absorption is general, while 

unlike the non-metals it shows no selective absorption as is true of 

sulphur. 

PHYSICAL LABORATORY, CORNELL UNIVERSITY 

March I, 1904. 
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SOME NEW THEOREMS ANALOGOUS TO GREEN’S. 

By P. G. NuTTING. 

—— with Gauss’ theorem 

SS div wav = ffo -do = 47M, 

or with Stokes’ theorem 

Sf curl w-do= fo -dp, 

it is possible, by making some simple substitutions, to arrive at a 

number of useful theorems analogous to these and to Green’s. This 

investigation was originally undertaken to discover a relation similar 

to Green’s which should be directly applicable to vector functions 

in the same way that Green’s applies to scalar functions of position 

in space. Green’s celebrated equation, 

SS five Vidy = [Juve -do — Sf fused, 

is very useful in dealing with problems in gravitation, hydrody- 

namics and electrostatics where scalar functions are to be dealt with 

or where potential functions may conveniently be resorted to, but 

in magnetism, electromagnetism and optics it is more convenient to 

deal directly with vector functions and above all to have an analo- 

gous equation to which Maxwell's equations may be directly applied. 

In other words, Green’s theorem applies best when force lines or 

stream lines run off to infinity or from positive to negative sources, 

the new theorem when these are closed in small circuits. 

Along with the theorem sought, several other useful theorems 

were obtained and are here presented. The vector notation is em- 

ployed throughout on account of the simple form which the equa- 

tions take and the ease with which properties and limitations are 

kept in mind. The notation is essentially that of Gibbs, Heaviside, 

Bucherer and others. Greek letters represent vectors, Roman 
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scalars or scalar functions of position. The Hamilton operator 7 

is the del of Gibbs, the s/ope of Heaviside and the gradient of Planck 

and others. The compound operator div 7 is equivalent to the 

ordinary Laplacian, here written 7’. Vectors which have a diver- 

gence (not zero) are called for brevity fo/ar vectors and are said to 

have a polar field. Vectors which have a curl are axia/ vectors 

and have a solenoidal field.’ 

Evidently then Gauss’ equation can be of service only in polar 

fields, Stokes’ in solenoidal fields. Gauss’ equation says that the 

surface integral of a vector function must be zero over every closed 

surface in a solenoidal field while in a polar field it is not zero in 

general. Similarly Stokes’ equation shows that the line integral 

of a vector function must be zero around every closed path in every 

polar field. 

Consider the compound vectors of simple form that may be sub- 

stituted for the vector w in Gauss’ or Stokes’ equation. These are : 

w= Tu, curl t,ut,u7v,u curl t,¢ x t,¢ x curl t,¢ x Vu and 

Tt div ¢. 

1. The substitution # = Yu in Gauss’ equation, 2. ¢., considering 

the vector w to be the gradient of some scalar point function, gives 

(1) Sf “Judy =f [vu-do, 

the volume integral of the Laplacian equals the surface integral of 

the gradient of a scalar function, the surface being the closed sur- 

face enclosing the volume integrated over. Corresponding relations 

between vector functions are developed later. The same substitu- 

tion in Stokes’ equation yields nothing since curl 7 is a zero oper- 

ator, 2. ¢., the gradient of a scalar function, although a vector, can- 

not have a solenoidal field. Equation (1) has already been obtained 

as a particular case of Green’s. 

2. The substitution w = curl t in Gauss’ equation brings the first 

member to zero, since the curl of a vector can have no divergence. 

The same substitution in Stokes’ equation gives 

(2) SJvr ‘ao =/fv div t,- do — furl t ‘ap, 

1On the properties of vector functions see M. Abraham, Enzykl, d. Math. Wiss., 

Band IV., 2, Heft 1. 
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since the operator curl curl = 7 div — 7*. This general equation 

breaks up into two. In polar fields 

(2a) [Jv -do =ffyv div zt -da, 

while in solenoidal fields 

(20) Sfvr.- do= —f curl 7-dp, 

z. ¢., the surface integral of the Laplacian of an axial vector equals 

the line integral of the curl of the vector along the curve bounding 

the surface integrated over. (2a) amounts to an identity in polar 

fielils and does not apply elsewhere. 

3. The substitution w = uz in Gauss’ and Stokes’ equations gives 

two formulas of purely mathematical interest. They have already 

been obtained by Gibbs by integrating by parts the expressions 

div (wz) and curl (w7). 

4. The substitution w = wv transforms Gauss’ equation directly 

into Green’s 

ff Vu:-Vvdy = f “VWv:de— SS faved 

= ffevu ‘do —ff fovrudy, 

since div (uv) = u div Vv + Vu-VZv. Green's equation then in- 

cludes Gauss’ and Gauss’ implies Green’s whenever the vector 

function of Gauss’ equation is the product of one scalar point func- 

tion into the gradient of another, but the fact that this transforma- 

tion exists does not of course imply that the two equations are not 

entirely independent. Evidently Gauss’ equation cannot be applied 

to solenoidal fields since the gradient of a scaler function (such as 

and v) cannot have a curl other than zero. The vectors Vu and 

Vv are in general polar, hence we may apply Green’s theorem to 

polar fields provided the potential ~ or v of one of the vectors Vu 

or Vv be known for substitution in the second member. But anal- 

ogous equations are developed later on which apply directly to 

polar and solenoidal fields without requiring the potential. 

The substitution wo = “Vv in Stokes’ equation gives 

(4) ffvux Vi-da= fu Vu-do= — fv vu-do 

(Green) 
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since curl(uVv) = w curlVv+ Vu x Vvand curlVv=o. This 

equation has already been obtained by Gibbs by an integration 

by parts (Wilson-Gibbs, p. 199). It appears to be widely appli- 

cable to physical problems. Suppose for example, ~ and wv are 

electric and magnetic potential, then Vw and Vv are electric and 

magnetic force. Each member of (4) is a maximum when these 

forces are normal to each other, as in electromagnetic radiation. 

In this case the first integrand is Poynting’s Energy Flow function. 

The theorem states that the integral of this function over the sur- 

face of a plane of the electric and magnetic forces equals the line 

integral of the product of say electric potential into magnetic force 

around the boundary to the surface chosen. Over an equipotential 

surface (say V7 = const.), equation (4) reduces to one of Foppl’s 

f fou x da=— udp. 

5. The substitution w = ~ curl t in Gauss’ equation gives 

(5a) fff u-curl tdav = J fu curl z-do. 

This relation is perhaps most useful as an energy equation. Sup- 

pose for example, ~ is electric potential and t magnetic force. Then 

within a conductor where 477 = curl ct, the first member becomes 

the volume integral of the transformed energy 47. The equation 

states that this is equal to the surface integral of the product of 

the electric potential and electric force. With an insulator where 

KE = curl c and E = f£, p being a complex factor, the first term 

of (5a) reduces to the volume integral of £?._ This equals the same 

surface integral as in the case of a conductor. Ina uniform 7 field, 

(5@) reduces to another equation of Foppl’s 

SSS vudv = { f ude. 

In Stokes’ equation the same substitution w = # curl t gives 

ffuv div t-do +f fou x curlt-.da 

o fu curl t-do + ffuvie do. 

This very general relation readily breaks up into two. In polar 

fields where curl tT = 0, 

ffuv div t-da= f{ fuv?t-do, 

(54) 

SS EE ES 

SS TE ET 

ae rere rare 

— SE 

SS ee 
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which reduces to (2a) when z= const. In solenoidal fields 

(5¢) ffvu x curl t-da= fu curl t-do + fuse do 

an equation complementary to (5a). Ona surface over which the 

scalar function x is constant, (5c) gives the important relation (26). 

This part of (5c) being independent of w is of course like (2a), a 

general equation in the vector function tr. 

6. The substitution w= ¢ x t in Gauss’ equation gives a con- 

venient transformation formula 

(6) SS f= -curl gdv — { ff g-curl rdv= [fy x t-da, 

apparently of little direct importance in physics. The same substi- 

tution in Stokes’ equation gives a long and complicated expression 

apparently of little value. 

7. The substitution o = ¢ x curlz in Gauss’ equation gives the 

theorem complementary to Green’s originally sought, namely 

S Sf curl g-curl tdyv 

(7) =SS¢ x curle-do+ ff fy vdivedy+ fff ¢- ode 

=ff-ex curlg-do+ ff for cdivgds + ff fr v'rde. 

In most problems div zt and div ¢ will be zero and (7) takes a form 

very similar to Green’s. This will be the case in all electromag- 

netic problems for div =o as well as div / where £ is electric 

and // magnetic field. 

Maxwell’s equations 477 + KE = curl Hand pH = — curl £ may 

be applied directly to (7) in many different ways. For instance, 

we may substitute so as to eliminate the space operators or // or E 

separately and thus obtain relations between the time operators or 

functions of £ or H alone. 

The same substitution w = ¢ x curl t in Stokes’ equation gives 

a complicated expression of little use in physics as does the substi- 

tutionw=¢x Vu. 

8. The substitution o = ¢ x Vu in Gauss’ equation gives 

(8) SS fvu curl gdv=ff¢ x Vu-da 
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a relation already obtained by Gibbs. It appears to be a limited 

form of (6) in which the vector ct has been replaced by the gradient 

of a scalar Vu. 

g. The substitution w = ¢ div ¢g in Gauss’ equation gives another 

important relation similar to Green’s and complementary to (7), 

namely 

(9) SSS div ¢ div cdv = ff div g-do— ff fr-— div gdv 

9 

=ffedive-do—ff fev div tdv 

This equation applies to polar fields in the same way that (7) ap- 

plies to solenoidal fields. It should prove very useful in the treat- 

ment of problems in gravitation and fluid motion. Within a region 

in which one of the vector functions, say ¢, has no divergence, the 

relation 

(92) SSS 2 div cdy = ff divr-do 

holds for the other. 

The same substitution w = rt div ¢ in Stokes’ equation gives 

(92) JJ div g curl r-do = fr divg-do + ffrx V7 div ¢- da, 

applying to fields which are polar for one vector function and sole- 

noidal for another. 

To complete the set of Green equations to cover every possible 

kind of field would require one more relation to be derived from 

Stokes’ containing the vector product of the curls of vector func- 

tions. This equation I have not yet been able to obtain. The 

substitution # = curl ¢g x curl t in Gauss’ equation gives the relation 

(10a) J feurl ¢ x curlt-da=0 

over every closed surface not including a source or sink within its 

boundary. The same substitution in Stokes’ equation gives 

J curl t x curl g-dp = Jf (carl tT: V)¢-do — 

Sf f(curl gy: V7)r-do, 

the brackets indicating that the enclosed expression is to operate as 

a whole on the vector function outside. 

(106) 
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Another relation of this type that promises great usefulness in 

electromagnetic problems may be obtained from (7) by substituting 

curl ¢ for g namely : 

ff curl yg x curl t-do 

(10c) = fff curl g- 7 div rdy — fff curl -- 9 div gdv 

+ SS f curl gy: J*rdv + JS Sf curl t- V*¢dv = O. 

If the vector functions g and z represent electric and magnetic 

force, we find by substituting Maxwell’s relations that (10a) states 

that the integral of Poynting’s energy flow function over a closed 

surface is zero unless the surface encloses a source or sink when it 

is 4m times the strength of the source or sink. This is true of con- 

ductors as well asinsulators. Equation (104) shows that the integral 

of Poynting’s function is zero around every closed path in the field 

in which Maxwell’s relations hold, for each term of the second mem- 

ber reduces to zero when the electric and magnetic forces are the 

form & = (A + Bt)E, where A and & are functions of only space 

coordinates. Equation (10c) reduces in an electromagnetic field to 

Sffeul BE 7Hdv + ff foul H-7?E=0, 

since £ and H have no divergence. Eliminating space operators 

in this by means of the Maxwell relations, we get for insulators the 

Pl f fuHdy = pf f [KE%d, 

assuming // and £ to be of the form £ = £,¢, p being a complex 

function of space coordinates, say = A + Bi and similarly for 17 

g=C+ i. This equation then gives the ratio of the magnetic 

field energy to the electric as #*: g° or A*: B® = C*: D®, which are 

of course in terms of wave-lengths and damping factors. Similarly 

for conductors we obtain for the ratio of the field energies 7p : 2g’, 

or A:4CD = B: 2(C? — D”). 

For the sake of convenience in intercomparison and reference, the 

equations of the Green type are assembled below : 

(Green) SSS ve ‘Vudy =| fuvv.da — ff fuvtudy 

relation 
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(4) (Gibbs) ffvux vu-da=—fugy-dp 

(9) JSS div ¢ div cdv =f [or divg-do—f [ [z-9 div gdz 

(7) JJ J curl g- curl rdv =f fy x curl r+ do 

+S S Sev div edo tf f fev eae 
(10a) f[ fcurlg x curlr-da =o 

(108) fcurl yg x curlr-do =f f\curly: 7) +-do 

—f {curls 7)¢-do. 

The left-hand members of the above being symmetrical in the argu- 

ments, the arguments may be interchanged in the right-hand mem- 

bers, care being taken to interchange the signs at the same time in 

equation (104). The remaining Green equations are not symmetrical. 

(52) Sis Vu-curl t ¢ v= [fu curl t-do = Jr x Vu-de 

(5c) JJvu x curl cda= | u curl t-dp + ff uv?r-da 

(94) JJ div ¢g curl tdo = fr div ¢-do + ffir x V div ¢-da. 

To complete the list would require three more unsymmetrical equa- 

tions, namely those whose left member integrands are Vu div rf, 

Vu-V7divtand Vu x ¥ div t, but these may be obtained at once 

from (4) and Green’s equation by replacing w by div ct. 

Any of the above equations may be easily rendered into ordinary 

cartesian notation, but they are so long and unwieldly in this form 

that they cannot be rewritten here. The substitution to be made 

are given below. Let w be any vector, then it will be of the form 

A ye) 

wozix +j7V+ kZ, Vmi K: ry +h 
Ox oy 

0 

, 

Oz 

OX- OY 02 
’ V eve=dvo= . ‘ 

Ox oy as 

S. > 

Vxezculwo= 
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ts 8 ay F L 

2#i\1 0 O i/o k —J7 

Jie 8 0 J —k oO Z 

koo ! Rk J —t O 

dp = idx + jdy + kds, do = idydz + jdsdx + kdxdy, dv = dxdydz 

the dot and cross multiplication tables indicating the scalar and 

vector products of the unit vectors so difficult to keep in mind. 

In conclusion it may be noted that the integrals discussed in this 

paper remain invariant with a transformation of coordinates. Many 

very useful theorems relating to this class of invariants are given by 

Ricci and Levi-Civita, Math. Ann., 54, 128-201, 1901, with several 

applications to physical and mechanical problems. 
WASHINGTON, D. C, 1904. 



ELASTIC LIMIT OF RUBBER. 

THE ELASTIC MODULUS AND ELASTIC LIMIT OF 

RUBBER AND THEIR RELATION TO 

CHANGE OF TEMPERATURE. 

By J. C. SHEDD AND R. L. INGERSOL. 

HE fact that a loaded rubber tube will shorten when steam is 

passed through it has long been a striking experiment ; it 

has also proven a somewhat puzzling one. 

The first explanation suggested was that of a negative coefficient 

of expansion. Direct experiment upon short solid pieces of rubber 

have failed to support this view. Under all conditions the volu- 

metric coefficient has been found to be positive.’ A. E. Lundal? 

found the cubical coefficient to be positive and very large ; also to 

increase rapidly with rise of temperature. He also confirmed the 

previous conclusion of W. Rontgen that the volumetric change due 

to stretching is very small. Further he found that the cubical coeffi- 

cient of stretched rubber is identical with that of rubber not under 

stress. The linear coefficient of expansion as determined in the ex- 

periments above noted was found to be positive for rubber not under 

stress, but for rubber under stress seemed to be abnormal, now 

positive, now negative, and always dependent upon the stress. 

Lundel concludes: (I.) The temperature coefficient of linear expan- 

sion is positive for small values of the stretching force, but decreases 

and becomes negative as this force increases. (II.) That this coeffi- 

cient increases rapidly with rise of temperature, is negative for low 

values of stretching force but positive for higher values. There is 

therefore an inversion temperature where the coefficient is zero, also 

this inversion temperature is higher as the stretching force increases. 

A review of these experiments leads one to conclude that the 

1P, Joule, J. Pierre and P. Lebedeff; A. Winkelmann, Handbuch d. Physik, 2, p. 

66, 1896. 

2 Wiedemann Annalen, Dec., 1898, p. 741. 
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A second explanation was advanced by G. Schmulervitsch.' He 

suggested that the linear coefficient like the cubical is always posi- 

tive, but that a rise of temperature increases the elastic modulus. 

G. R. Dallander went further and gave an equation for the relation 

of the elastic modulus and the temperature.?_ Lundal * confirmed 

the equation of Dallander, finding an increase of about 11 per cent. 

between 0° C. and 60° C. He also found that the increase is 

smaller when the stretching force is increased. In arriving at this 

conclusion Lundal introduces no correction for the temperature 

dilatation of the rubber, and he significantly remarks in this con- 

nection that ‘‘it is strictly speaking uncertain whether the elastic 

modulus increases or decreases with rises of temperature.’’ In the 

experiments for determining the elastic modulus a peculiar source 

of error is present which Lundal calls the “ elastic-after-effect”’ 

(Nachwirkung). This seems to be somewhat of the nature of vis- 

cosity and is found to diminish as the temperature rises. According 

to Lundal this diminution goes on up to 50° C. and then increases. 

He does not, however, give much weight to his determination above 

60° C. 

The purpose of the present experiments was to extend the stretch- 

ing force over a much greater range than heretofore and to study 

the elastic-after-effect. The first apparatus used was a simple hook 

support for one end of a common rubber band, with a weight-pan 

mounted at the other end. For load increments stamped rifle 

bullets were used which were found to be remarkably uniform in 

mass and of approximately 10 grams mass each. The elongation 

was read with a cathetometer. A large number of readings were 

taken upon a single rubber band at room temperature ; from 10 to 

100 grams being used as load increments. Also various loads were 

placed on the weight pan and left for a number of hours or days and 

the readings then taken for both rising and falling loads. The fol- 

lowing conclusions were reached : 

1. The same rising curves are traced whether the interval be one 

half minute, one minute or two minutes. The falling curves ap- 

proximately coincide. 

1 Pogg. Ann., 144, p. 280, 1871. 

? Ofvers af. Vet. AK. Forh., 28, p. 703, 1871. 

3 Loc. cit. 
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behavior of rubber cannot be adequately explained on the supposi- 

tion of a negative cubical or linear coefficient of expansion. 

2. The return curve is never the same as the rising curve even 

for a small load range. 

3. Hence the “ elastic-after-effect 

eliminated by merely making an extra time allowance while taking 

or viscosity factor cannot be 

the readings. 

4. If the load exceed a certain limit the same cycle cannot be 

repeated, 7. ¢., the rubber seems to receive a permanent set. 

In order to vary the temperature the following simple scheme 

was used: A stream of water from the faucet / (Fig.?1) was passed 

through a glass tube bent back and forth 

and under which was placed a gas flame. (= 

The water after being heated was passed | 

through the chamber ¢ which surrounded lle 

the inner chamber @. By controlling the =F Hd 

volume of water the temperature of the ee | 

chamber d could be regulated quite closely. SS | 

from 11° C. to 93° C. (the boiling point at h 

this altitude being 94° C.) A large number 2 

of curves were obtained at different tem- 

The range of temperature available was a ¢ 

Fig. 1. 

peratures and with different load limits; also different load incre- 

ments were used as well as initial loads of various values, which 

were left on the weight pan for longer or shorter periods. In all 

of this work the conclusions already given were confirmed to the 

fullest extent. 

It was next thought worth while to try to eliminate the ser 

saltem feature of the method of loading and unloading. This was 

done by mounting a Mariotte flask in such a way as to give a con- 

stant flow of water into a beaker which replaced the weight pan. 

A steady discharge rate was secured by mounting a siphon ona 

cork which floated within the beaker. Readings were taken at 

minute intervals both rising and falling curves being secured. The 

results thus obtained showed that the curves gotten by the two 

methods do not materially differ. The easier method of fixed load 

increments was therefore again adopted. 
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It was now apparent that the load limit above which a given 

cycle could not be repeated with a given specimen is very small. 

Data therefore obtained from the same specimen at different tem- 
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peratures and for different load limits would not be strictly compar- 

able and hence of no great value. 
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would be practicably impossible to obtain a number of single rub- 

bers exactly alike. A number of rubbers were therefore tested by 

means of a small load and their relative cross-sections determined. 
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Combinations of rubbers were then made which were regarded as 

of the same cross-section. Care was also taken that the load limit 

should be low enough so that the rising and falling curves should 

be as nearly as possible parallel. 
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To the conclusions already noted may now be added those stated 

below. In reaching these conclusions the slope of the load-elonga- 

tion curve is regarded as a function of the elastic modulus (see 

Figs. 2-8). 

5. The value of £ depends not alone upon the temperature but 

also upon the load. 
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6. For a given load the value of £ seems to increase slightly 

with increase of temperature. 
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7. For a given temperature the value of £, beginning with zero 

load, slowly diminishes, then remains constant for a considerable 

range and finally sharply increases in value. The first stage would 

seem to correspond to initial viscosity or static friction and the last 

In the falling load the third stage is prolonged 

at the expense of the second. 

8. In case the third stage is not entered upon the return curve is 

to a permanent set. 

more nearly parallel to the rising curve. 
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Energy Absorbed Due to Viscosity. — The fact that rising and fall- 
ing curves never coincide must be due to the irreversible action of 
viscosity. It is also apparent that the area of the curve, like that 
of the hysteresis loop, is a function of the energy absorbed. If 
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then we compare the loops having the same range of load but taken 

at different temperatures we shall be able to compare the viscosities 

at these temperatures. Two series of such comparative areas are 

given in the following table : 
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Series I, Load limit 840 grams. 

Temp. Energy Absorbed per Temp. Energy Absorbed per 

c. Cycle (comparative). Cc. Cycle (comparative). 

tg 662 50° 338 

25° 475 60° 179 

34° 449 76° 129 

40° 377 92° 145 

Series II, Load limit 1080 grams. 

Temp. Energy Absorbed per Cycle. 

18° 842 

29° 535 

36° 488 

85° 152 

The plat of these tables (Fig. 9) would lead to the conclusion that : 

g. The energy dissipated per cycle due to viscosity depends upon 

the load limit, falls rapidly with rise of temperature, and becomes 

asymptotic to a fixed value. 

Evastic Limit. 

A study of the viscosity loops would seems to make two defini- 

tions of the elastic limit possible. In the first place on the rising 

curve there is seen to be a more or less well defined “ knee” where 

the relation of stress to strain undergoes a marked change. This 

‘‘knee’”’ might be said to mark the elastic limit. The elastic limit 

so defined is found to rise as the temperature rises. 

In the second place it is probable that a more comprehensive 

definition would be had by considering the descending curve also, 

The elastic limit would then be defined as that point above which 

the ascending and descending curves are no longer parallel. This 

point lies much lower down on the curve than does the first men- 

tioned point, and it also rises as the temperature rises and at a some- 

what faster rate. This second definition of the elastic limit could 

be given as follows: Zhe elastic limit ts the limiting value of the 

stress (or strain) for which the body upon being released will repeat its 

previous history in exactly reversed order. 

This definition is more comprehensive in that it says that the his- 

tory must be repeated in reversed order and not merely that the 

body must return to its original state. 

We may now add to the previous conclusions the following : 

10. The viscosity of rubber is relatively large at low tempera- 
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tures, falls rapidly as the temperatures rises, and reaches an approx- 

imately constant value at about 80° C. 

11. The elastic limit of rubber rises with rise of temperature. 
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The fact that the viscosity loop approached a constant area would 

indicate that the rise of the elastic limit is indefinite, limited only by 
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the change of state of the rubber from a viscous solid to a viscous 

fluid (see plat 10). 

A consideration of the viscosity loop affords a partial explanation 

of the behavior of the rubber tube spoken of at the beginning of this 

paper. Let us suppose that the temperature is 11° C., and that the 

load is 300 grams as shown on Fig. 2. On the rising curve this 

would be represented by the point . However, if by chance, the 

rubber has been so handled as to have passed around the cycle then 

the point f’ might more nearly represent the state of the rubber. 

Now if the temperature be raised to 75° C., points f and f’ on Fig. 

8 would approximately represent the state of the rubber. In the 

latter case the contraction would be 17 cm. as against 1.75 cm. in 

the former case, and would be due, not so much to an increase in 

the elastic modulus, as to a rise in the elastic limit. 

SUMMARY. 

We may conclude by dividing the history of a cycle into the fol- 

lowing parts : 

A, The first part of the curve has a small slope showing an 

apparently high value for £. This in a measure corresponds to 

the early stage of the magnetization curve of iron. 

B. The second stage shows a comparatively constant but smaller 

value of £. 

C. In the third stage the curve bends sharply showing a very 

high value for £. During this stage the rubber is in an abnormal 

state behaving very much like a metallic wire. This stage ends 

abruptly by the breaking of the rubber, or else the rubber receives 

a permanent set as is shown by the descending curve. As the tem- 

perature rises stage B is extended in both directions D. The form 

of the descending curve will depend upon whether or not stage 

““C” has been reached. 

In conclusion it is apparent that all experimental work upon 

rubber should be conducted upon that part of stage B which lies 

below the elastic limit as defined in the second instance above. 

Also that the previous history of the specimen under test should 

be known. 

PHYSICAL LABORATORY, COLORADO COLLEGE, 

April, 1904. 



THE ELECTRIC ARC. 

THE ELECTRIC ARC. 

By C. D. CHILpD. 

HE following article consists of measurements of the electric 

arc made at pressures less than one atmosphere and of a dis- 

cussion of some explanations which have been suggested. The 

drop in potential at the anode and that at the cathode, the electric 

force through the arc, and the rate of discharge from the arc to 

a surrounding cylinder were studied. 

Apparatus.— There were three difficulties to be overcome in mak- 

ing a tube for the investigation ; first, one of the carbons and also the 

carbon pencil or the wire used to 

test the potential of the arc must F 

be movable; second, when the cur- 

rent was led into the tube through 

a platinum wire sealed into the 

glass, the glass cracked with large 

currents ; third, it was necessary to 

have the apparatus so that it could 

be easily taken apart. These dif- 

ficulties were met with fair success 

with the apparatus shown in Fig. a] 
1. This consists of a tube having 

three openings which were closed {| 

with rubber stoppers. It was found “. 

that with pressures of over 2 mm. al M 

of mercury rubber stoppers fitted 

in securely could be used to ad- ) min 

vantage. With less pressure they 

could still be used, if they were 

surrounded by shellac dissolved in alcohol. With this arrangement 

no leakage was observed during several days, and for reasons which 

Fig. 1. 
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will be given later no attempt was made to reach very low pressures. 

The rubber was indeed liable to soften because of the heat, but by 

using a large tube and by running the arc only a little while at a 

time the rubber did not become excessively heated. 

The tube used the greater part of the time was 24 cm. in length 

and 17 cm. in diameter atthe middle. An iron rod passing through 

the stopper a brought the current to the carbon A. The movable 

carbon # was fastened to a second iron rod. This was placed in- 

side a glass tube about 80 cm. long, of which only the top is shown 

in the diagram. The bottom of the tube was immersed in mercury. 

The bottom of the rod was bent up and passed out of the mercury, 

so that it could be used asa handle with which to move 2. Pisa 

glass tube making connections with the air pump. 

For testing the potential of the arc the pencil at was used. 

This could be raised or lowered the same as 4. By rotating the 

rod the pencil could be placed in the arc or entirely removed from 

it. In some of the work the pencil C was used. This was fastened 

to a plantinum wire sealed into the glass rod C#. This wire was 

so bent that the pencil C could be moved in and out of the arc. 

This, however, was not used except in one or two special cases. 

When a high vacuum was desired a was covered with shellac and 

the spaces between ¢c and £ and @ and F were filled with the same. 

Some of the vapor from the shellac passed into the tube when the 

air was first pumped out, but this soon ceased and slight impurities 

from this source and also from the rubber are of little consequence 

as compared with unknown vapors which are continually given off 

from the carbon. 

A cathetometer was used to determine the distance between the 

carbons and also the position of the exploring pencil. The pressure 

was measured by a manometer which could be read to millimeters 

at all points and could be estimated to fifths of millimeter with the 

lower pressures. 

In studying the changes in the drop at the anode a carbon pen- 

cil 1.6 mm. in diameter was placed as near to the anode as possible 

and the air was pumped from the tube, the current through the arc 

being kept constant by changing the resistance in series with the 

arc. Solid carbons 12 mm. in diameter were used. 
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Use of Voltmeter Allowable. —The potential difference between 

the electrodes and the exploring carbon was read by a Weston volt- 

meter of 5,000 ohms resistance. An electrometer is theoretically 

better, but it is not so convenient and cannot be read so quickly. 

That it was allowable to use a voltmeter was shown by connecting 

an electrometer between one of the electrodes and the carbon pen- 

cil placed in the arc, and also connecting the voltmeter in multiple 

with it. A key for opening and closing the circuit was placed in 

series with the voltmeter. It was found that both at atmospheric 

pressure and at one of 2 mm. the reading of the electrometer did 

not change more than one-fourth volt when the circuit through the 

voltmeter was completed. 

The use of the voltmeter was also tested by switching a known 

E.M.F. into the circuit. The reading was changed by the amount 

of the E.M.F. Thus in one case when measuring the drop in poten- 

tial at the anode the reading was 44 volts. On switching four 

volts from the battery into the circuit the reading was 48 volts. 

On reversing the battery the reading was 40 volts. <A similar test 

was made when measuring the drop at the cathode with the same 

result. 

This behavior of the current flowing between the carbon pencils 

and the electrodes is apparently not in agreement with the descrip- 

tion of Fleming’s work given by Thomson.' I have not at hand 

Fleming’s account of the work and can not give the cause of the 

apparent discrepancy. 

The Exploring Pencil may become the Electrode. —\t may be 

noticed in passing that when too much current is taken from the ex- 

ploring carbon it no longer gives the potential of the gas about it. 

Thus when a shunt of 100 ohms is placed about the voltmeter, the 

reading was materially changed, especially if the pencil was not 

white hot. The amount of the change was affected both by the 

amount of resistance in shunt with the voltmeter and by the tem- 

perature of the pencil. 

When a variable resistance was placed between the anode and the 

pencil, the current through it continually increased as the resistance 

was made smaller until about 2 amperes was reached. On further 

' Conduction of Electricity through Gases, p. 423. 
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decreasing the resistance, the main current passed through the 

pencil making this the anode. When the same pencil was con- 

nected with the cathode, it was found that the pencil had to be much 

hotter in order to cause the cathode end of the arc to jump to it 

than it had previously been to cause the anode end to do so. 

At a pressure of 2 mm. it was found impossible to cause the 

cathode to jump to the pencil in any case. At this pressure the 

gas was not hot enough to give the exploring carbon the necessary 

temperature. On the other hand the pencil could easily be made 

the anode at this pressure. In fact a large fraction of the current 

would come from the exploring pencil, even when it was at a tem- 

perature lower than red heat. The same glow surrounds the pencil 

as the anode proper, a glow similar to that seen at the anode of a 

mercury arc. This shows conclusively that the anode does not 

require as high a temperature as the cathode. Weintraube' has 

observed a similar phenomenon with a mercury arc. He found it 

impossible to cause a current to flow from the anode of an arc 

already formed to a new cathode, while it was simple to start a cur- 

rent from a new anode to the cathode of an existing arc. 

With pressures less than 3 mm. a platinum wire was used instead 

of a carbon pencil, since it produced less disturbance in the arc and 

could be used at that pressure without melting. 

TABLE I. 

peeennen. oa at Cathode. Peessuse. at yo at | a a 

730 50 14.1 30 30 16 

500 45 14 20 28 13.4 

300 43 14.1 10 26.8 10 

200 43.5 15.6 5 25.5 8 

100 36.5 17.2 2 22 8 

50 32 16.5 

Changes at Anode and at Cathode. — Data are given in Table I. 

showing the effect of changing the pressure. Column 1 gives the 

pressure in millimeters of mercury, column 2 the drop at the anode 

in volts, column 3 that at the cathode. The current used when 

1 Phil, Mag. (6), 7, p. 96. 
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taking this data was 10 amperes. The distance between the elec- 

trodes was 7 mm. The distance of the middle of the exploring 

pencil from the electrode was approximately 1.5mm. The current 

came from a dynamo of 110 volts. 

The measurements below 10 mm. are not at all accurate. This 

was especially the case with the cathode drop. It was continually 

fluctuating, being at times much greater than the value given in the 

table and again somewhat less. In general it would slowly increase 

and then suddenly decrease. The anode showed the same behavior, 

but not to the same extent, For this reason no attempt was made 

to secure measurements lower than those given in the table. 

| ; | | 

| Lt | tt 
| | 

100 200 300 400 500 600 700 
PRESSURE IN MM, 

Fig. 2. 

These data are plotted in Fig. 2. Curve I represents the drop at 

the anode and 2 that at the cathode. 

The surprising fact here shown is that the cathode drop should 

for a time increase when the pressure is decreased. But besides 

taking several sets of observations the drop at 730 mm. was com- 

pared many times with that at 1loomm. At times the reading at 

730 mm. was taken first, at others that at 100 mm., and in every case 

the latter was found to be the greater. This was true whether the 

cathode was above or below the arc. 

On the other hand the drop at the anode decreases gradually as 

the pressure is decreased. This difference in behavior between the 
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anode and the cathode may be compared with the difference found 

by Mrs. Ayrton when varying the length of the arc.’ She found 

that when the length of the arc was increased the anode drop inva- 

riably increased, while there was little, if any, change in that at the 

cathode. Evidently the conditions controlling the drop at the 

cathode are quite different from those at the anode. 

Electric Force Through the Arc. —In finding the electric force 

through the arc the tube running through Cc was divided into two 

branches as in Fig. 3, and platinum wire was 

sealed into each branch and a carbon pencil fas- 

tened to it. The two wires were insulated from 

each other at all points. By distorting the cork 

————__atc the pencils could be kept out of the way of 
the carbon until the arc had been formed and 

then allowed to swing back into the arc. When 

the second cork was inserted at £ the pencils 

could not be thus displaced and the last two 

data given in Table II. were taken by using a 

platinum wire and observing the potential at different points through 

Fig. 3. 

the arc. 

In using the two carbon pencils the distance between them was 

not altered during any set of observations, so that changes in the 

readings could not be due to errors in the measurement of this dis- 

tance. In making observations the pencils were always allowed to 

become white hot before readings were taken. 

TABLE II. 

—_— Pe ne Electric Drop Electric . rough Perce. Pressure. Through Force. 
Gas. Gas. 

730 10.5 23.4 30 10 22.4 

500 10.5 23.4 20 8.5 18.9 

300 10 22.4 10 7 15.5 

200 1l 24.5 5 7 15.5 

100 ll 24.5 2 6 13.3 

50 10 22.4 

Several sets of observations were taken. Those given in Table 

1 The Electric Arc, pp. 222 and 224. 
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II. were with the pencils 4.5 mm. apart, the current being 10 

amperes, and the distance between the electrodes g mm. The 

pressures are given in column 1, the observed potential difference 

in volts in column 2, and the electric force in volts per cm. as 

computed from this in column 3. 

The variation in the data down to the last four is, no doubt, due 

to errors in observations, but between 40 and 2 mm. there is a 

decrease in the electric force. These data are plotted in Fig. 2, 

Curve 3. 

Voltage Between Carbons.—In Table III. the whole potential 

difference between the carbons is given in column 2 and the corre- 

sponding values computed from the proceeding data in column 3. 

The current was again 10 amperes and distance between the car- 

bons 7 mm. 
Taste III. 

Observed Computed Observed Computed 
Pressure. Potential Potential Pressure. Potential Potential 

Between Between Between Between 
Carbons. Carbons. Carbons. Carbons. 

730 72 73 30 53 52 

500 67 68 20 48 48 

300 65 66 10 a4 42 

200 64 68 5 38 36.5 

100 60 62 2 35 33 

50 58 57 

The observed potential differences are plotted in Fig. 2, Curve 4. 

Temperature of the Arc.—In taking these data it was observed 

that platinum wire did not melt when inserted in the arc at low 

pressure. It, therefore, seemed possible to get some idea of the 

changes in the temperature of the arc. It was found that a carbon 

filament from an incandescent lamp was consumed in the arc until 

a pressure of about 5 cm. was reached. At lower pressures it 

gathered a deposit of carbon. A platinum wire .31 mm. in diam- 

eter was melted until a pressure of about 4 mm. was reached. At 

lower pressures this also gathered a coating of lamp black. Buta 

platinum wire .11 mm. in diameter was melted at 2 mm. pressure 

and one which was said by the makers to be .o1 mm. was melted 

at approximately .5 mm. of pressure, which was the lowest pressure 

used. It is thus apparent that the temperature of the arc is very 
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high even at low pressures and also that any determinations of the 

arc made at low pressures by inserting substances to be melted are 

of little value. In the immediate neighborhood of the bright spot 

of the cathode the largest size of platinum wire was melted at the 

lowest pressures attained. 

Discharge to Surrounding Cylinder. — A series of observations 

was also taken on the rate of discharge from the arc to a surround- 

ing cylinder. It has been shown' in a previous article that such 

discharge at atmospheric pressure was greater when the cylinder 

was charged negatively than when charged positively. In the 

former case the discharge is carried by the positive ions coming 

from the arc and we, therefore, call this the positive discharge. The 

observations there indicated that the positive ions moved the more 

rapidly. 

A similar phenomenon was observed when a hot carbon pencil or 

platinum wire was used instead of the arc.” In those cases it was 

shown that the smaller velocities of the negative was due to their 

becoming loaded with particles given off from the hot substance. 

It was also shown with hot carbon and platinum that the negative 

discharge became the greater at low pressures. 

With the arc the phenomena were in all essentials the same. 

The data here given are, however, only approximations. The rate 

of discharge from the arc depends on the length of the arc, and ap- 

parently on the amount of the carbons that has become hot and on 

the condition of the gas about the arc. The longer the arc has 

been running the greater the number of particles held in suspension 

ready to collect on the ions. Yet it was not possible to run the arc 

in the apparatus for a sufficient length of time to reach a steady 

condition without overheating. At lower pressures and with the 

cylinder used, the positive end of the arc would jump to the cylin- 

der, if this was kept at 50 volts or more above the potential of the 

arc, so that no data were taken below a pressure of 10 mm. of 

mercury. 

However, the essential changes were shown and it was not 

thought that the phenomena were of sufficient importance to justify 

the great amount of work necessary to secure accurate results. 

' Puys. Rev., XIV., p. 65. 

2 Puys, Rev., XIV., p. 265; XV., p. 345. 
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In making measurements a shunt was placed about the arc and 

the cylinder was connected with such a point on the shunt that no 

current passed between the arc and the cylinder. This was done 

when the pressure of the gas about the arc was 50 mm. _ This point 

on the shunt was afterwards assumed to have the same potential as 

the arc. 

In taking the data given in Table IV. the cylinder was made of 

sheet iron which was 3.6 cm. in diameter and 2.3 cm. in height. The 

potential difference between the arc and the cylinder was 54 volts, 

as measured by a Weston voltmeter. Column I gives the pressure 

of the gas in millimeters of mercury, column 2 the rate of discharge 

in amperes when the cylinder was charged negatively, column 3 

that when charged positively. 

TABLE IV. 

Pressure of Positive Dis- Negative Dis-| Pressure of Positive Dis- Negative Dis- 
Gas. charge. charge. Gas. charge. charge. 

730 1 x10 7X10 100 18x10-* | 3 x<10- 
600 2.1 X 10-7 8X 10-7 40 3.6 x 10-* 1.8 x 10-? 

500 2.5 10-7 | 15x10 30 6.6x10-§§ 5 x10 

400 2 X10" 5 X10 20 5.4x10-5 1610 

300 3.6 10-7 4.5 10-7 10 11x 10-* | 1610-1 

200 7 X107 | 7 x<10°5 

As has been stated the data here given are only approximations. 

But they are sufficiently accurate to show first, that the positive 

discharge is the greater at atmospheric pressure and the negative at 

lower ; second, that the rate of discharge at the lower pressure is 

very much greater than at the higher. The behavior with the dis- 

charge from the arc is thus much the same as that from hot plati- 

num orcarbon. The observations at low pressure do not, however, 

confirm the idea which I once held that there was some connection 

between the velocity of the positive ions about the arc and the 

greater fall of potential at the anode. 

Theory of the Arc.— Let us now consider the bearing which 

these data have on the theory of the arc. There have been three 

explanations offered which are based on the conception that the cur- 

rent is carried by ions. One was given in 1900 by the present 
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writer.' Less was known at that time than now about the dis- 

charge from hot metals and ionization by impact, and unfortunately 

no account was taken of the part which they play. Quite recently 

two other explanations based on the ionic theory have been given, 

one by Stark ? and one by J. J. Thomson.* These both consider the 

ionization produced within the cathode as the essential phenomenon. 

The Cathode. — As has been shown by several experimenters,‘ a 

hot platinum wire discharges negative electricity with great rapidity 

when in a vacuum, and the rate of discharge increases rapidly with 

rise of temperature. Basing his explanation on these experiments 

Thomson says (p. 425): ‘‘ It will be seen that the essential feature 

in the discharge is the hot cathode, as this has to supply the car- 

riers for the greater part of the current in the arc.’”’ Stark says 

(p. 687): ‘‘ Hohe Temperatur in der kathodischen Strombasis des 

Lichtbogens ist also eine hinreichende und, als wir annehmen wollen, 

die notwendige Bedingung dafiir, dass aus der Lichtbogenkathode 

in den angrenzenden Dampfraum negative Elektronionen in grosser 

Zahl ubertreten.” 

There is a difficulty with this explanation which at least appears 

to be serious. It is possible to have an arc between substances 

which boil at comparatively low temperatures. For example an 

arc may be formed in a vacuum between mercury terminals, and 

when the pressure is .29 mm. mercury boils at 100° C. This is a 

temperature very much too low to drive the negative ions from the 

mercury. 

On the other hand experiments tend to show that no arc can be 

formed without a hot cathode. Stark and Cassuto’ show that an 

arc is impossible, if the cathode is kept at a low temperature by 

rotating it, and that an arc is also impossible when using an elec- 

trolyte for the cathode. It has been shown in this article that a 

third carbon inserted in the arc cannot become a cathode unless it 

is heated first to a high temperature. The experiments of Wein- 

traube ® point to a similar conclusion. 

1Puys. Rev. X., p. 151. 

2 Drude’s Ann., 12, p. 673. 

3 Conduction of Electricity through Gases, p. 416. 

Wied. Ann., 37, p. 315; PHys. Rev., XIV., p. 273; Proc. Camb. Phil. Soc., 

9, p. 286. 

5 Physik. Z. S., 5, p. 264. 6 Phil. Mag. (6), 7, p. 95. 
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It may possibly be that the boundary surface between the cathode 

and the gas must be very hot rather than the cathode itself. How- 

ever, it is not my intention to discuss this question at this time. 

Further experiments must be performed before any decision can be 

reached. There are two divisions of this subject, however, which 

may be considered: first, the necessary conditions at the anode ; 

second, those between the electrodes. 

The Anode. — Thomson's idea is that the positive ions come from 

the boundary surface of the anode, and that for this purpose the 

anode must be very hot. Thus he says (p. 425): ‘‘ The conditions 

that determine the current are that the work supplied to the cathode 

and anode should be sufficient to maintain them at incandescence.”’ 

On the other hand Stark does not consider it necessary that the 

anode should be thus heated. He says (p. 677): ‘‘ Dass auch die 

Anode des Lichtbogens Dampf aussende, ist nicht notwendig. Sie 

kann kiinstlich auf niedriger Temperatur gehalten werden, oder 

infolge ihrer Grosse von selbst auf massiger Temberatur bleiben.” 

This latter would appear to be the correct view. The anode of 

the mercury arc may remain cool. It was found also in my own 

work that with pressures of I mm. the anode was not red hot until 

after the current had been passing for some time. It usually 

became hot, but this was not a necessary condition. This fact was 

noticed with carbon, iron and copper. In fact the cause of the drop 

in potential at the anode appears to be the same with the arc as with 

the usual form of discharge in a vacuum tube, modified to a certain 

extent by the temperature of the anode. The manner in which it 

is modified will also be considered when discussing the cause of the 

drop at the cathode. 

Tonization near the Electrodes. — Thomson considers ionization to 

occur within the cathode and at the boundary surface of the anode, 

but none between these places. He considers the ions leaving 

either electrode to pass directly to the other. Thus he says (p. 

425): ‘“‘ The anode has in general to be hot, otherwise it could not 

supply the positive ions which keep the cathode hot.’’ In the equa- 

tions applying to this work (p. 426) he assumes that the number of 

positive or negative ions leaving an electrode is the same as the 

number passing any cross section of the arc. 
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Stark on the other hand assumes that ionization takes place 

through the arc, being caused by impact of the negative ions (p. 

681). ‘Wie in leuchtenden Anodeschicht und in den positiven 

Lichtsaule des Glimmstromes, so hat auch in der Anodenschicht 

und in der positiven Saule des Lichtbogens Ionizirung durch den 

Stoss der negativen Elektronionen statt.”’ 

In this connection there are two questions to be discussed, first, 

whether ionization occurs in the immediate neighborhood of the 

electrodes ; and second whether it occurs through the length of the 

arc. In regard to the first question the evidence seems conclusive 

that ionization does occur. In the first place it is improbable that 

the number of ions coming from the cathode is in any case suffi- 

cient to account for all of those in the arc. Richardson’ found the 

maximum current from a hot carbon filament to be 2 amperes per 

q. cm. of surface. In attempting to find the current density of the arc 

at the cathode I caused a current of 10 amperes to pass from a car- 

bon 12 mm. in diameter to one 2 mm. in diameter. The negative 

end of the arc then covered all of the end of the carbon, but it did 

not appear to extend down the sides. If we may assume that at 

least 8 amperes passed into the end of the carbon, the current 

density was 255 amperes per cm. If one were to exterpolate from 

the curves given by Richardson, this would require a temperature 

140° higher than the highest that he could use without vaporizing 

the carbon filament. It, therefore, seems probable that the negative 

ions do not all come from within the carbon, but that some are 

produced by impact. 

Further it seems most reasonable to expect ionization to occur, 

at least, near the cathode. To take again the case of the mercury 

lamp we have the dark space about the cathode corresponding to 

the ordinary space with discharge in high vacuum, and we should 

expect new ions to be formed by impact at the end of the dark 

space. 

But we can show that there must be an increase in the number 

of ions in order to account for the drop in potential at the electrodes. 

In general the fall of potential through the arc has the form indi- 

cated in Fig. 4, where Cis the cathode and A the anode. There 

1 Phil. Trans. Roy. Soc. Lon., 210, p. 497. 
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is a large rise in potential between C and c, a uniform increase 

through the arc and a large rise near A which in most cases is 

larger than that at C. If we are to 

offer any explanation which is based 

on the ionic theory, we must as- ‘ 

sume the existence of the positive c + 

charge between Candc. Thus if we 

let Y equal the electric force, x the 

distance from C, I’ the electric poten- 

tial, and p the density of electricity, Fig. 4. 

a*V 
9 => — A47p. 

adx* 4° 

(Since there is no appreciable flow at right angles to +, d*V/d)* 

= d*V /dz == O) 

A4,-A4,=- af pdx 
. 

where .Y, and _X,, are the values of X at C and c. 

But evidently X, is less than X,. 

positive charge between C and c. Moreover from ¢ to a X is con- 

Therefore, there must be a 

stant, so that » must be zero, that is, the number of positive ions 

per c.c., must there equal the number of negative ones. 

The distribution of positive electricity between C and c¢ can be 

accounted for in two ways; first, by assuming that more new ions 

are there produced than recombine ; second, by assuming that the 

velocity of the negative ions per unit potential gradient is greater 

when they first leave C. 

To put this in mathematical form, where p equals o let 

X,, be the value of 1X. 

n, be the number of positive ions per cm. 

n, be the number of negative ions per cm. (7, = X,.) 

k, be the velocity of the positive ions per unit 1. 

k, be the velocity of the negative ions per unit Y. 

NV, be the number of positive ions passing any cross section per 

sec. 

NV, be the number of negative ions. 
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am, e,, 0, &!, &!, N,', N,', be the corresponding values at 

some point between C and c where p is positive. 

Then N, _ Xk, NK, 7 N, ie 

N. Ane ** AE N. 2 g 22 ae | 2 

7? / / , Tr / , NN! X'n/k;! Wim, 
N,! X ‘a, a N,' 5! n,! - ’ 

since p is + and x,’ >4x,!, 

tf Ome fd 

“WR TS NIRS 
sae re 1 

As a result either 
Ty - ad 7 Tr N,<N!, N,>Ny, 

eA 

Gee, Sok, 

or some combination of these inequalities must exist. But if 

N,< N,’ then N,> N,’, 

for there can be no production of positive ions without as great a 

production of negative, and as we go from left to right there must be 

as great an increase in the negative ions as there is in the number 

of positive in going from right to left. 

There is no probability whatever that 4, is less than %,’._ There 

is no reason to suppose that the mass of the positive ion would be 

greater when near the cathode than when away from it, or that there 

would be any change in the ions so that the velocity per unit elec- 

tric force would decrease. 

We are, therefore, reduced to one of two possibilities, either that 

there is a production of new ions between C and c, or that the 

velocity of the negative ion per unit Y is very much greater near 

the cathode than at a distance from it. Either of these hypotheses 

would appear entirely reasonable. The negative ions are, no doubt, 

driyen out with great velocities, and we should expect new ones to 

be formed by their impact. On the other hand when they are first 

driven out from the cathode their masses are small. After they 

pass into the gas about the cathode they become loaded down with 

additional masses and their velocities per unit electric force will 

there become smaller. 
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This last suggestion is in accordance with the explanation of 

Thomson, but while this would in general explain the drop in poten- 

tial at the electrodes, it does not explain the fact that the greater 

drop is at the anode. It may indeed be said that it is necessary 

that there should be a greater drop there in order that the anode 

may be very hot, but the fact that it is needed there does not explain 

how it can be there. As we see from the equations which we have 

given, in order to have a drop at the anode greater than that at the 

cathode there must either be an increase in the number of ions 

through the arc or else a greater change in the velocity of the posi- 

tive ions as they are leaving the anode than there is in that of the 

negative ones when they are leaving the cathode. In fact the change 

must be much greater, since according to the explanation which we 

are now considering, the number of the positive ions is much smaller 

than that of the negative. 

Now in every case which has thus far been studied the difference 

in the velocity of the negative ions when first produced and that 

which they afterwards have is much greater than any change in the 

velocity of the positive ions. The negative ions are at first elec- 

trons with masses very much smaller than the masses of the atoms 

and with velocities correspondingly great, while the positive ions 

never have masses appreciably less than those of atoms, and never 

have velocities as great as that of electrons. It would, therefore, 

appear that the only explanation which will account for the change 

in the electric force near the electrodes and also for the fact that 

that at the anode is the greater is that there is an increase in the 

number of ions through the body of the gas. 

I have thus given two reasons for believing that the number of 

ions coming from the electrodes cannot be the same as that passing 

the center of the arc ; first, that few, if any, cathodes ever become 

hot enough to give out ions in sufficient abundance ; second, that 

we cannot account for the greater drop at the anode without assum- 

ing a production of ions between the electrodes. 

Tonization through the Arc. — Passing now to parts of the arc 

where the potential gradient is small the following reasons may be 

given for believing that ionization occurs. If we assume that no 

ionization occurs through the arc, then we must also assume that 
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no recombination occurs, at least, in appreciable amount. This fol- 

lows from the fact that the potential gradient through the arc is 

uniform and consequently that the number of positive ions at all 

points must equal that of the negative. But that there should be 

recombination of the ions in every other case, even where the 

mean free path is much longer and where the number of ions is very 

much smaller, and yet not in this case is hardly to be expected, 

But even granting that this is possible, how could it be possible that 

the potential gradient between the electrodes can remain the same 

when the pressure of the gas is changed from 730 to 50 mm. As 

will be shown below, the mean free path of the ion in the first place 

is approximately .ooI cm.; and in the second 14.6 times as long. 

If the ions starting from the cathode pass directly through to the 

anode, we should expect them to be drawn through the gas more 

easily in the latter case. But they are not. It requires as stronga 

field in one case as in the other. 

The cause for this ionization may be some unknown action, pos- 

sibly some form of radiation, as ultra-violet light, or ‘“ Entladung- 

strahlen.””' There is, however, an objection to such an explanation 

as shown by the arc between mercury terminals when the tube is 

heated above 100° C. At these temperatures the arc no longer fills 

all the tube. It extends rather as a pencil of light through the 

center. If any radiation were given off, we should expect all of the 

gas to take part in the discharge. It does not, however, do so. 

The gas is a good conductor only where a large amount of energy 

is being expended. 

But one does not need to go to an arc in a vacuum to see this 

illustrated. If two large carbons are used with the two opposite 

ends blunt, the arc does not fill all of the space between them. It 

only fills that part of the space which it can heat very hot. If 

radiation is the cause of the ionization, it must be some kind of 

radiation which can only exist where a large amount of energy is 

being expended. Now all known forms of radiation penetrate, at 

least, a short distance from the place where they are produced. 

Another explanation which has been suggested is that ionization 

is produced by impact. There are serious objections also to this 

! Weid. Ann., 60, p. 269. 



No. 2.] THE ELECTRIC ARC. 133 

view. First, the mean free path of the ions is not sufficiently great. 

The negative ions, at least at ordinary temperatures, must move 

through 25 volts, in order that new ones may be produced in appre- 

ciable numbers.’ If we assume the electric force in the arc to be 

27 volts per cm.,’ the mean free path of the negative ions in the 

air at a pressure of I mm. and at a temperature of 20° C. to be 

.0657 cm. as found by Townsend,' and the temperature of the arc 

to be 3500° C. as given by Violle,* then the mean free path of the 

ions in the arc at atmospheric pressure will be through only .03 

volts. This is much too small to produce ionization. 

Second, the fact that the fall of potential through the are does 

not decrease at all in proportion to the length of the mean free 

path is an argument against this view as well as against one of the 

preceding. 

Third, an increase in the current does not require an increase in 

the current through the arc. When ionization is caused by impact 

the current increases very rapidly with increasing electric force, but 

with the arc the opposite of this occurs. The data given by Mrs. 

Ayrton‘ shows that in general the greater the current between car- 

bon terminals the smaller the electric force. With the mercury arc 

Arons considers that within wide limits the electric force is indepen- 

dent of the current’® while Hewitt finds the electric force to decrease 

with increasing current.® 

Thus we have again reason to believe that the ionization is caused 

by the change of electrical energy into some other form of energy. 

There is then the possibility that the high temperature is the cause 

of the ionization. With all forms of the arc it is apparently neces- 

sary to have a high temperature and except when the mean free 

path is very long, it is high enough to vaporize a carbon filament. 

Even an arc between carbons at a pressure of .5 mm. has a tem- 

perature sufficient to melt platinum. 

As to the temperature of the mercury arc, theré appears to be 

1 Phil. Mag. (6), 5, p. 395. 

2 Mrs. Ayrton’s The Electric Arc, p. 231. 

3C. R., 115, p. 3273. 

4 The Electric Arc, p. 225. 

5 Wied. Ann., §8, 77. 

® Elec. World, 42, p. root. 
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some difference of opinion among experimenters. Hewitt! finds 

the temperature as measured by a thermo-junction to vary from 

115° to 179° C.* But a thermo-junction must lose heat rapidly 

both from radiation and conduction, while it must receive heat from 

a gas as rare as mercury vapor very slowly, and we have already 

shown how a smal] platinum wire is melted in an arc between car- 

bons when larger ones are not. 

Arons* considers the temperature to be very high. He found 

platinum to be melted in the mercury arc, and theoretical consider- 

ations led him to expect even higher temperatures than that needed 

to melt plantium. He worked with a greater density of current 

than any given by Hewitt and the temperature, no doubt, varies 

greatly with the current. It may also have been that there were 

gases other than mercury vapor in Arons’ lamp, but his value for 

the potential gradient is small and this would indicate the absence 

of such gases. We may, therefore, assume for the present that a 

temperature of a thousand or so degrees Centigrade is needed even 

for the most perfect mercury lamp. 

It has not been proven that a high temperature alone will pro- 

duce ionization. In all cases the phenomena have been complicated 

either by chemical action or by the presence of solid substances. 

To be sure, if we assume that ionization may be produced by im- 

pact, then ionization must occur at sufficiently high temperature. 

For if a negative ion, moving with a given velocity, produces new 

ions when it hits a molecule at rest, then a molecule having the 

i | same velocity will be divided into ions on hitting an ion at rest. 

it But on the basis of the data which we now have this would require 

exceedingly high temperature. In the cases studied by Townsend * 

the ratio between the velocity of the negative ions needed to pro- 

duce new ions and the velocity of the molecules at 20° C. was shown 

to be “25? where P is the fall of potential measured in volts 

through which the ions must pass. Since the mean velocity of the 

MW molecules varies as the square root of the absolute temperature, it 

| | would require a temperature of 183,000° C. in order to have the mean 

1 Elec. World, 42, p. 1000. 

2See also abstract of Wills’ article, PHys. Rev., XVIII., p. 319. 

3 Wied. Ann., 58, p. 83. 

*Phil. Mag. (6), 1, p. 209. 
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velocity of the molecules as great as that of the ions which ionize 

by impact. 

However, this would not be essential. Probably if a compara- 

tively few of the ions had such velocities it would be sufficient. _ If 

we further assume that at high temperatures the molecules are more 

easily ionized, the facts are readily explained, and this is a reason- 

able assumption to make, for at 3,500° C. the internal energy of a 

molecule is thirteen times that at 20° C. At this temperature 

many of the molecules become dissociated and in the arc the 

motion of the molecules is sufficient to produce light. 

This effect would generally be helped by more or less chemical 

action, and whenever this occurs at high temperature we have an 

abundance of ionization. For example, I find that the electric force 

between the electrodes is much decreased when NaCl is introduced 

into the arc. Thus the potential difference between two exploring 

pencils was 10 volts when the electrodes were ordinary carbons and 

7 volts when one of the carbons was hollowed out and filled with 

NaCl. Indeed it is a kind of chemical action when a molecule is 

dissociated only to recombine, and this no doubt occurs even with 

the enclosed arc. 

A very probable explanation then would be that at ordinary pres- 

sures the high temperature is the essential condition, that the ioni- 

zation is then produced by the impact of the molecules on the ions 

modified more or less by chemical action, and that the motion of the 

ions themselves have little effect ; while at low pressures the motion 

of the ion comes to be an important factor and the temperature less 

important. 

Such an assumption would explain very easily the relation of the 

electric force through the arc with the current. When the current 

is increased there is always an increase in the heat developed, and 

this, no doubt, is the cause of the increased ionization which then 

occurs. 

This would also explain the phenomena at different pressures. 

When the mean free path is sufficiently large ionization would be 

produced without so high temperatures, and we then have the arc 

at lower temperatures. As the mean free path becomes less, the 

average velocity of the ions becomes less, and in order to have ioni- 

AA ALL 
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zation the velocity of the molecules becomes comparable with that 

of the ions, that is, the temperature must be raised. At still higher 

pressures the mean velocities of the ions become very small and 

the temperature with its rapid motion of the molecules is the deter- 

mining factor. Then it makes no difference what the mean free 

path of the ions may be, if only the temperature is sufficiently high. 

Thus we are not able to detect any change in the temperature of 

the arc when the pressure of the gas is decreased, until a pressure 

of 50 mm. is reached. Here carbon begins to be deposited on the 

filament placed in the arc and here also the electric force begins to 

diminish. Assuming that the temperature is still 3500° C., and 

that the electric force has not changed, the mean free path is then 

through .45 volts. Many of the ions would have paths longer than 

this and ionization might begin to occur without so much motion 

of the molecules. In other words the temperature might decrease. 

At 4 mm. of pressure the larger platinum wire no longer melted. 

Assuming the temperature to be that of melting platinum, namely 

1775° C. and the electric force to be 13 volts per cm. the mean free 

path would be through 1.5 volts. In reality the temperature must 

have been higher than this and the mean free path longer, but even 

this is quite comparable with the potential difference necessary to 

produce ionization at low temperatures. The electric force here is 

also quite comparable with that in discharge at low pressure.’ 

Summary. — The potential gradient through the arc at different 

pressures was studied. The drop at the cathode was found to pass 

through a maximum at about 100 mm. of pressure and then to de- 

crease, the larger part of the change occurring below 30 mm. pres- 

sure. The drop at the anode was found to decrease quite uniformly 

as the pressure was decreased, the rate of decrease, however, being 

greater below 50 mm. No change in the electric force between the 

electrodes was shown until a pressure of 50 mm. was reached. 

Below this it decreased, being approximately one half as great at 2 

mm. as at atmospheric pressure. 

The temperature of the arc is apparently less at low pressures 

than at high, although at .5 mm. pressure platinum wire is still 

melted. 

The discharge from the arc to a surrounding cylinder was found 

1 Wied. Ann., 64, p. 67, and Phil. Mag. (5), 49, p. 512. 
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to increase very rapidly as the pressure was decreased. The dis- 

charge carried by the positive ions is the greater at atmospheric 

pressure, that carried by negative the greater at low pressures. 

In regard to the theory of the arc it was pointed out that a hot 

anode is not an essential requirement. Reasons were also given for 

believing that the number of ions leaving the electrodes is not as 

great as that passing through the center of the arc. A more com- 

plete discussion of the phenomena at the electrodes is to be given 

at a later date. 

A high temperature is considered to be an essential requirement 

for ionization within the arc except when the pressure is very low. 

There the free path of the negative ions may be sufficiently great to 

allow ionization by impact. 
COLGATE UNIVERSITY, 

May, 1904. 
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A STUDY OF THE SILVER VOLTAMETER.' 

By K. E. GuTHE. 

ONSIDERING the important role which the silver voltameter 

plays in electrical measurements, relatively few investigations 

have recently been made with a view of improving the accuracy of 

this instrument. The older investigations of Kohlrausch,’? Rayleigh 

and Sidgwick,* Gray,‘ Schuster and Crossley’ and of Glazebrook 

and Skinner ® proved the silver voltameter to be more reliable than 

the copper voltameter and this led to the general use of the well 

known form, the specifications of which have been adopted in con- 

nection with the legal definition of the ampere and are practically 

identical in the United States,’ England® and Germany.’ This type 

has consequently been used, sometimes with only slight modifica- 

tions, in a large number of investigations ; but as the demands upon 

the accuracy of the results increased it became more and more ap- 

parent that it presented a number of peculiarities, and the thorough 

researches on the behavior of this voltameter by Kahle’ and others 

soon created the impression that the results obtained with a silver 

voltameter cannot lay any claim to a high degree of accuracy. 

Until recently the attempts to find the source of trouble in the 

voltameter have been rather unsuccessful, different investigators 

arriving at different conclusions regarding the influence and nature 

of the disturbing factors. While it must be conceded that in two 

voltameters of the usual form when arranged in series and treated 

1Communication from the National Bureau of Standards. 

2F. and W. Kohlrausch, Wied. Ann., Vol. 27, p. 1, 1886. 

3 Rayleigh and Sidgwick, Phil. Trans., Vol., 175, p. 411, 1884. 

4Th. Gray, Phil. Mag., Vol. 22, p. 389, 1886. 

5 Schuster and Crossley, Proc. Roy. Soc., Vol. 50, p. 344, 1892. 

6 Glazebrook and Skinner, Phil. Trans., Vol. 183, p. 567, 1892. 

‘National Academy of Sciences, Feb, 20, 1895. 
§ Electrician, Vol. 27, p. 325, 1891. 

®Ztschr. f. Instr.-K., Vol. 21, p. 180, Igol. 

10 Kahle, Ztschr. f. Instrum., Vol. 18, pp. 229 and 267, 1898. 
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in exactly the same manner the same quantity of electricity will 

yield deposits differing in weight not more than I in 5,000, or even 

I in 10,000, these same instruments when used under slightly dif- 

fering and frequently under apparently the same conditions will 

show much larger differences in a series of independent experiments. 

At this point Richards, Collins and Heimrod’ and Leduc? took 

up the problem of improving the silver voltameter or coulometer, 

a name which Richards proposes for the instrument and which, I 

think, would be much more appropriate. 

Since so far the research of Richards and his students is the only 

one in which a systematic comparison of various types has been 

made, it seemed of sufficient importance to partly repeat the work 

with such modifications as seemed advisable, and, after having found 

the most reliable form, to subject it to a severe test in order to de- 

termine the degree of accuracy which may be expected from it. 

DESCRIPTION OF THE VOLTAMETERS AND THEIR TREATMENT. 

The following types were investigated : 

1. The usual type, consisting of a platinum bowl 10 cm. in diam- 

eter and 5 cm. deep as kathode and a silver plate held by a silver 

rod at its center as anode. The anode was surrounded by filter 

paper secured at the back with a little sealing wax. The electro- 

lyte, unless otherwise stated, was a neutral freshly prepared 20 per 

cent. solution of silver nitrate. 

To test the neutrality of the solution, the silver was precipitated 

by NaCl solution and the filtrate tested with methyl-orange. Silver 

nitrate, obtained from Eimer & Amend as chemically pure, con- 

tained no acid. In a few cases the crystals were first fused to in- 

sure neutrality, but since it was found that the results obtained with 

a solution of the fused salt agreed closely with those where the 

solution was made from crystals, the latter was used in almost all 

experiments. 

2. The Silver Oxide Voltameter.— Patterson and Guthe* em- 

ployed as electrolyte a solution, saturated with Ag,O. To allow 

1 Richards, Collins and Heimrod, Proc. Am. Ac., Vol. 35, p. 123, 1899. Richards 

and Heimrod, Proc. Am. Ac., Vol. 37, p. 415, 1902. 

2Leduc, Journ. de Phys., Vol. 1, p. 561, 1902. 

3 Patterson and Guthe, Puys. Rev., Vol. 7, p. 257, 1898. 
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the oxide to have as great an influence as possible the voltameter 

was constructed in such a manner that the current had to pass 

through a layer of the oxide. For this purpose the anode was 

placed inside a porous cup glazed at the side, at the bottom of which 

a layer of carefully prepared Ag,O was placed. Since the glazing 

showed a tendency to crack, an ordinary porous cup was used in the 

later experiments, and a tight fitting glass tube inserted in it, in 

order to prevent the current from passing through the sides. The 

liquid was a 20 per cent. solution of silver nitrate kept in a bottle 

containing silver oxide. Either platinum bowls or platinum cru- 

cibles served as kathodes. 

3. The Richards voltameter, consisting of a platinum crucible 10 

cm. high and 6 cm. wide as kathode. The anode, a silver rod, was 

surrounded by a fine grained porous cup, made from the lower end 

of a Pasteur filter. The electrolyte was the same as in type I. 

During the experiment the liquid in the porous cup was always kept 

at a lower level than that outside by removing about every ten or 

fifteen minutes some of the liquid in the cup by means of a pipette. 

Once a siphon was employed to produce this difference in level, 

without, however, changing the result. 

A slight and somewhat more convenient modification of this type 

will be described later. 

4. Large Silver Anode Type.— A platinum bowl formed the ka- 

thode. In the 20 per cent. solution of silver nitrate a porous cup, 

7 cm. in diameter, was suspended and, at the bottom of this, finely 

divided silver was placed, the current being led into the voltameter 

by means of a plate, pressed upon the silver. At first the fine crys- 

tals deposited at the kathode in previous runs were used, but it was 

soon found that the silver became packed so closely that it acted 

like an ordinary plate; therefore, in the later, final experiments, 

granulated silver, prepared from the crystals, was substituted and 

upon this the plate was pressed. 

5. Leduc’s form differs from type 4 principally by the use of filter 

paper and muslin to hold the granules on the anode. Granulated silver 

was heaped upon a plate, 6 cm. in diameter, then covered by pure 

filter paper and held tight on the plate by bleached millinet. This 

forms the anode. In all other respects this voltameter is identical 

with type I. 
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The silver was either pure silver obtained from the United States 

Mint or silver bought from Eimer & Amend as chemically pure. 

While the results obtained with the two kinds agreed well with each 

other, the appearance of the anodes after the experiment showed a 

striking difference. While the finely divided silver which covers 

the pure anode after electrolysis is whitish and crystalline, the less 

pure silver from Eimer & Amend is perfectly black, the layer con- 

sisting mainly of silver. This difference in the appearance of the 

anode allows a good estimate of the purity of the silver used and 

has been noticed before in the work of the Reichsanstalt.' 

The porous cups were treated with aqua regia, potassium cyanide 

solution, nitric acid and finally with boiling water before being used 

in the voltameters. Aftera few runs the cups become dark on the 

outside, due to a thin layer of finely divided silver which can, how- 

ever, easily be removed by potassium cyanide. For the large silver 

anode type, closely grained cups of very convenient shape were 

obtained from the Akron Insulator and Marble Company. 

The use of filter paper was carefully avoided in the preparation 

of the solution since it seems that the organic substances act chemi- 

cally upon neutral silver nitrate solution.? The solution was not 

filtered, but transferred from its bottle to the voltameters by means 

of a clean pipette. Only in types 1 and 5 was filter paper used 

during the experiment since it is characteristic for these forms. 

The treatment of the silver voltameters was in all cases identical. 

The platinum bowls — or crucibles — were washed successively with 

nitric acid, water, then heated to 160° C. in an air bath, and after 

having cooled in a desiccator for an hour or two, carefully weighed. 

After the experiment the deposits were washed four or five times 

with distilled water until the last wash water did not show a bluish 

color on addition of NaCl solution. Then the vessels were left 

over night filled with distilled water well covering the deposit, were 

einptied in the morning, heated to 160° C., cooled and weighed as 

before. The weight of the deposit for each run was about 4 grams. 

Usually silver was deposited twice in the same vessel, after which 

most of it was removed by scraping and the rest dissolved in 

nitric acid. 
1 Ztschr. f. Instr.-kunde, Vol. 22, p. 155, 1902. 

2 Ztschr. f. Instr.-kunde, Vol. 22, p. 156, 1902. 
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It was not deemed necessary to wash the deposit with water at 

80° C., as has been recommended by the Reichsanstalt. Though 

Kahle' and Merrill* have found that silver is slightly soluble in 

hot water, Richards, Collins and Heimrod* as well as Leduc * have 

shown that after proper washing the weight of the deposit does not 

change upon continued digestion with water of room temperature, 

a conclusion fully corroborated by my experience. 

Great care was taken to guard against any loss of silver during 

the washing of the deposit. The solution as well as the wash water 

was always first emptied into a clean beaker. With proper illumi- 

nation even minute particles of silver could be seen very distinctly. 

If any were present they were carefully collected in a small filter 

and later added to the deposit. 

Lord Rayleigh and Richards have found that in spite of careful 

washing some of the mother liquid remains included in the inter- 

stices between the crystals as shown by a slight loss of weight on 

heating to dull redness, but Gray’® was unable to observe any loss 

in deposits properly washed. At any rate the amount included can 

only be very slight and must be rather constant, considering how 

accurate the results are with properly constructed voltameters. 

The weighings were made with a good chemical balance, having a 

sensitiveness of about twenty divisions for the load used. It was 

found advisable to keep two shallow dishes with calcium chioride in 

the balance case in order to prevent condensation of moisture on the 

deposit. In each experiment four voltameters were arranged in 

series, namely, a set of two bowls agreeing in weight within 4 mg. 

(55.24 grams each) and a set of two crucibles agreeing to within 7 

mg. (39.10 grams each). Each vessel of a set was first weighed 

separately by the method of double weighing and then the difference 

between the two was found by the same method. The latter always 

agreed with the difference between the two separate determinations 

within 0.06 mg. From these data the probable weight of each 

vessel was calculated. 

tL. c., p. 233. 

2 Merrill, PHys. REV., vol. 10, p. 170, Ig00, 

SL. c., p. 139. 

4 Leduc, C. R., vol. 135, p. 24, 1902. 

5Gray, Phil. Mag., Vol. 22, p. 399, 1886. 
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The vessels were counterpoised by platinum so as to avoid 

troublesome corrections for the buoyancy of air, and the weights 

used were platinum weights, standardized by the section of weights 

and measures of the Bureau. 

DESCRIPTION OF THE METHOD. 

The arrangement of the apparatus is represented by the figure. 

The current was furnished by a storage battery of 40 cells, B, and 

in series with it were placed a large variable resistance, ”,, the four 

Hh voltameters, V’, and standard 

resistance coil, St R. The 

small resistance ”, was shunted 

by a Kelvin rheostat. This 

consists of a wire wound upon 

two cylinders, of which one 

is of metal and the other one 

insulating. By rotating the 

cylinders the wire is trans- 

NAA AA WWW 

= 

I Hit “EF 
StR) f 

a. 
OLD "$3 DO> | a] 
WW Me 

Fig. 1. 

ferred from one cylinder to the other, and the resistance of the 

rheostat varied in a continuous manner. By the use of this instru- 

ment slow variations of the current can easily be avoided. In a 

shunt to the standard resistance a sensitive galvanometer, G, and a 

Weston cell, S¢ C., were placed, the latter so as to oppose the po- 

tential difference at the terminals of the standard resistance ; equality 

between the two is indicated by the galvanometer remaining at rest. 

An unsaturated Weston cell was selected on account of its neg- 

ligible temperature coefficient. The same cell was used throughout 

the investigation. For the determination of its E.M.F . in terms of 

the standard of the Bureau and for the measurement of the standard 

resistances, and their temperature coefficient I am indebted to the 

section of resistance and electromotive force. 

The current is first closed through the resistance R, which was 

made as nearly equal as could be estimated to that of the voltame- 

ters, then adjustment was made for no deflection of the galvanom- 

eters by varying the resistance of the circuit and finally, after the 

current had become practically constant, it was sent for a definite 

time through the voltameters by throwing the switch 1. By ro- 
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tating the Kelvin rheostat the current was kept constantly adjusted 

to its proper value until the experiment was completed. 

Standard resistances of 1, 2, 5 and 10 ohms were used in S¢. RX. 

and once the 1 and the 2 ohms were placed in parallel. Thus the 

current was varied in the different experiments from 0.1 to 1.5 am- 

peres. The current was usually kept closed long enough to allow 

one ampere-hour to pass through the voltameters, 7. ¢., each time 

about 4 grams of silver were deposited. A change of the cur- 

rent as small as 1 in 100,000 could easily be seen on the scale. In 

the final determinations of the electrochemical equivalent only such 

experiments were used in which the variations of the current did not 

exceed I in 25,000. 

The time was measured by an astronomical clock, connected with 

a chronograph, which also recorded the making and breaking of 

the current through the voltameters. The rate of the clock was 

determined by means of the noon signals received from the Naval 

Observatory. 

In a number of experiments the variations of the current exceeded 

the required limit, due partly to the inconstancy of the storage 

battery, partly to variations in the resistance of the voltameters or 

the circuit. In some cases the rate of the clock was not known to 

a sufficient degree of accuracy or the resistance of the voltameters 

was not estimated correctly. Experiments in which such troubles 

occurréd could not be used for the final calculation, but they allow 

relative comparisons of the different types of voltameters. 

For convenience the Weston cell was not placed directly in the 

shunt from the standard resistance, but a potentiometer was intro- 

duced, the Weston cell balanced over a resistance of 10,190 ohms 

and then the terminal potential difference of the standard resistance 

substituted for the cell. Of course, the constancy of the current 

through the potentiometer was frequently checked by reconnecting 

with the standard cell. 

CoMPARISON OF DIFFERENT VOLTAMETERS. 

In the following tables the results obtained are given. Table I. 

shows that two voltameters of the same type and treated in pre- 

cisely the same manner will yield deposits which will in general not 

differ from each other by more than one in 10,000. 
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Tas_e I. 

Richard's Type. Usual Type. 

1 2 Difference, 1 2 Difference, 
per cent. per cent. 

4.09927 4.09911 0.004 4.09973 4.09945 0.007 

4.09955 4.09959 0.001 4.10003 4.09961 0.010 

4.09851 4.09870 0.007 4.10154 4.10098 0.014 

4.09927 4.09941 0.003 4.10100 4.10247 0.036 

Ag,O Type. Large Anode Type. 

1 2 Difference, I 2 Difference, 
per cent. per cent. 

4.09913 4.09935 0.006 4.10082 4.09985 0.001 

4.10382 4.10392 0.002 4.09891 4.09888 0.001 

4.10172 4.10167 0.001 

The usual form does not show nearly as constant results as the 

other three. The last large difference may however be due to loss 

of silver in one bowl. 

Tables I].—-VIII. allow a comparison between the different types, 

when the same quantity of electricity is sent through them. In the 

Tasce II. 

Current. Richard's Type. Usual Type. | DeMecence, per cent. 

0.1 4.09863 4.10150* + 0.070 

0.5 4.09870 4.10126* 0.062 

1.0 4.09800 4.09973 0.036 
1.0 4.09927* 4.10100 0.042 

1.0 4.09941* 4.10247 0.050 

1.0 4.09881 4.10016 0.030 

1.0 4.09896 4.10056 0.039 
0.2 4.09993* 4.10225 0.057 

Average, + 0.048 

TasLe III. 

Current. Richard's Type. Ag,O Type. Difference, per cent. 

0.1 4.09863 4.10147 + 0.069 

0.5 4.09881* 4.10053 0.042 

1.0 4.09881 4.10167 0.070 

1.5 4.09897 4.10091* 0.047 

Average, 0.055 
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TABLE IV. 

a Que. Richard's Type. Leduc’s Type. Difference, per cent. 

0.2 4.09920 4.10245 + 0.057 
0.5 4.09906* 4.10141* 0.057 

__ Average, + 0.057 

TABLE V. 

Current. | Large Anode Type. Ag,O Type. Difference, per cent. 

1.0 4.10172 4.10382* + 0.051 

1.0 4.10167 4.10392* 0.055 

j Average, + 0.053 

TaBLe VI. 

ae Cussont. Usual Type. Ag,O Type. Difference, per cent. 

0.1 4.10150 4.10147 — 0.001 

0.2 4.10003* 4.09913 — 0.022 

0.2 4.09961* 4.09935 — 0.006 

. 1.0 4.10016 4.10167 + 0.038 

Average, + 0.002 

Tasie VII. 

Current. Richard's Type. Large Anode Type. Difference, per cent. 

0.2 4.09993* 4.09962 — 0.007 

0.5 4.09881* 4.09889 + 0.002 

0.5 4.09906* 4.09919* + 0.003 
1.0 4.10449 4.10468 + 0.005 
1.0 4.10461 4.10510 + 0.012 

1.0 4.09919 4.09912 — 0.002 

1.0 4.11888 4.11902 + 0.004 

1.0 3.47004* 3.47053 + 0.014 
1.5 4.09897 4.09880* — 0.004 

Average, + 0.003 

Tasie VIII. 

Current. Richard's Type. Ri Modified. Difference, per cent. 

0.2 4.09920 4.09942 | + 0.005 
0.5 4.09906* 4.09896* — 0.002 

1.0 3.47004* 3.46998* — 0.003 

1.0 4.09896 4.09881 — 0.004 

1.0 4.11888 4.11857 — 0.008 

Average, — 0.002 
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first column of each table the current is given and in the last the 

percentage difference between the two types. The asterisks denote 

that the deposit is on silver, 7. ¢., that it is second deposit. 

From these tables can be seen that there are two distinct classes 

of voltameters ; on one side the usual, Leduc’s and the silver oxide 

type, on the other Richard’s and the large anode type, the latter 

class yielding deposits about 0.05 per cent. smaller than the former. 

The difference between the usual form and Richards’ agrees very 

well with the final average of 0.050 per cent. given by Richards.' 

A voltameter in which the electrolyte was always kept saturated 

with Ag,O has not been used before. Patterson and Guthe em- 

ployed a solution saturated before the experiment was made, but in 

all other respects adhered to the legal specifications. Richards’ 

comparison between his type and Patterson and Guthe’s showed 

for the latter a deposit 0.112 per cent. larger than for the former, 

besides a considerable variation in the percentage difference (from 

0.039 per cent. to 0.230 per cent.) We see from Table III. that 

the form of Ag,O voltameter used in the present investigation gives 

somewhat more concordant results and a much smaller difference 

between the two types. Possibly the presence of filter paper in 

the Patterson and Guthe voltameter may explain the greater value. 

A porous cup has doubtless the effect of decreasing the weight of 

the deposit. 

It must be confessed that the results obtained with Leduc’s vol- 

tameter were not expected. He has repeatedly asserted that no 

trouble arises when small anodic current density is employed. As 

will be seen from Table IV., in these comparisons small currents 

were used, but the deposit was in each case 0.057 per cent. larger 

than that obtained with the Richard’s type. A comparison of 

Tables III. and IV. verifies Leduc’s statement? that a solution satu- 

rated with the oxide anda normal solution will give identical results. 

It was also noticed that even with these small currents the heavy 

anode liquid sinking to the bottom of the platinum bowl and there 

spreading produced a starlike figure of the deposit. This peculiar 

arrangement of the crystals, very characteristic for the usual type, 

' Richards and Heimrod, 1. c., p. 439. 

2 Leduc, Rapp. Congr. intern., Paris, 1900, Vol. II., p. 444. 
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has been studied by Behn,* who showed it to be due to the motion 

of the heavy anode liquid along the surface of the kathode. 

With a porous cup around the anode the crystals are distributed 

perfectly evenly over the kathode, without showing the striz spoken 

of. Filter paper allows an easy passage to the anode solution and 

should therefore be avoided, even if the chemical action upon neu- 

tral nitrate solution, to which attention was drawn above, will not 

affect the electrochemical equivalent. 

All previous researches on the subject have led to the conclusion 

that the source of trouble is to be looked for at the anode. The solu- 

tion becomes acid during electrolysis and therefore the presence of 

acid has been suggested as the reason for the inconstancy of the vol- 

tameter. Leduc* has shown however that a fresh solution, originally 

neutral, but slightly acidified before electrolysis, gives smaller de- 

posits than a neutral solution. According to this observation the 

presence of acid alone has not the effect of increasing the weight of 

the deposit. Another interesting observation by the same author 

shows that if the amount of acid surpasses a certain limit in the 

original solution, its density will decrease during electrolysis, a fact 

observed before by Rodger and Watson.’ These investigators seem 

to be the first to have pointed out that during electrolysis a complex 

silver ion may be formed and that this may produce too heavy 

deposits. The thorough work of Richards and his students has 

strengthened this view and my own results seem all to point to the 

same explanation. The existence of such a complex ion, whatever 

it may be,” would easily enough explain the formation of the acid 

at the anode. It is well known that during electrolysis of silver 

nitrate solution, crystals are formed at a platinum anode, which 

according to Sulc* and Mulder and Heringa‘ have the formula 

Ag,NO,,. I have been able to obtain these bluish black crystals 

mixed with silver at the 4athode from a solution, saturated with 

Ag,O, using a large current density. In this case the deposit was 

1 Behn, Wied. Ann., Vol. 51, p. 105, 1894. 

2 Leduc, Journ, de Phys., Vol. 1, p. 573, 1902. 
3 Rodger and Watson, Phil. Trans., Vol. 186, p. 631, 1895. 

* Richards suggests Ag,O. See also the theoretical discussion between Revay and 

Kiister and von Steinwehr: Ztschr. f. Electroch., Vol. 4, p. 313 and 451, 1898. 

5Sulc, Ztschr. f. anorg. Chem., Vol. 12, p. 90, 1896. 

® Mulder and Heringa, Verh. Kon. Ak. Wet., Vol. 3, p. 37, 1896. 
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abnormally heavy, 0.23 per cent. and 0.32 per cent. greater than 

that obtained in a large silver anode voltameter. Complex ions are 

therefore present in such a solution and it seems reasonable to sup- 

pose that if they reach the kathode, as they will in voltameters in 

which the anode is surrounded by filter paper or in the Ag,O type, 

the deposit will be too heavy, resulting in a wrong value for the 

electrochemical equivalent of silver. 

Richards’ method of removing the heavy anode liquid from the 

bottom of the porous cup and preventing its diffusion towards the 

kathode by keeping the level inside lower than the outside, is there- 

fore correct and will not give too small an equivalent, as Leduc 

asserts. 

The large silver anode voltameter gives the same results as Rich- 

ards’ form, in spite of the fact that the solution is at the same level 

inside and outside (see Table VII.). How can we explain this? A 

few experiments by Richards and Heimrod' show that a crucible 

on which silver had been deposited previously will increase in weight 

when filled with the anode solution. Apparently a chemical reaction 

takes place, resulting in a breaking up of the complex ion and a de- 

position of silver or some silver compound. In the large anode type 

the porous cup prevents the anode solution from diffusing rapidly 

and the silver at the bottom of the cup breaks up the troublesome ion. 

This secondary chemical reaction is the reason why the anode is 

always covered by a layer of finely divided silver, the ‘‘ anode slime,”’ 

the anode itself acting to a certain extent chemically on the ion pro- 

duced by electrolysis. The large anode type will therefore give as 

good results as the Richards type and is more convenient to use. 

The above considerations led the author to the construction of a 

modified Richards voltameter. Instead of removing the liquid from 

the bottom, some of silver crystals deposited by previous runs were 

placed in the bottom of the cup and the liquid was left undisturbed 

during the experiments. At first some inconvenience was experi- 

enced due to the rapid growth of the silver towards the anode and 

consequent sudden changes in the resistance of the voltameter, 

which prevented the proper adjustment of the current to a constant 

value. But this trouble was overcome entirely by surrounding the 

1 Richards and Heimrod, |. c., p. 431. 
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lower part of the porous cup by a small glass cup cut from a test 

tube or a small beaker. The excellent agreement with Richards’ 

form (see Table VIII.) shows that this modification also will give 

the correct silver equivalent. 

It seems therefore advisable to abandon in future experiments, 

especially for the absolute measurement of current, the usual form 

of the silver voltameter and employ either Richards’ type or one 

of those proposed by the author. The differences in the weight of 

silver, obtained by two of these voltameters in series, show much 

smaller variations than those by the old form, and as will be seen 

in the following, determinations made by means of independent 

experiments agree very closely. 

SILVER NITRATE SOLUTION. DeEposiT ON PLATINUM 

AND ON SILVER. 

It has been shown by Kahle that an old solution will yield too 

heavy deposits, its effect increasing as more and more silver is 

electrolyzed. The Reichsanstalt advises therefore to use the solu- 

tion only until 3 grams of silver are deposited from 100 c.c. of 

solution. It seemed to be of interest to see whether in the Rich- 

ards form the solution outside of the porous cup could be used 

repeatedly. Eight grams of silver were deposited by two runs from 

the same solution, amounting to about 150 c.c., and the solution 

left standing for several weeks. In the experiments following two 

Richards voltameters were placed in series, one with a fresh solu- 

tion, one with this old solution; the latter gave on the average 

0.055 per cent. more silver. Now it was thought that it might be 

possible to obtain a good solution by leaving it in contact with sil- 

ver crystals. After several weeks more this solution was tried again 

and gave on the average 0.025 per cent. heavier deposits than the 

Richards form. While an improvement is to be observed, it is clear 

that keeping the solution simply in contact with silver will not 

entirely eliminate the complex ion. It is therefore advisable to use 

always freshly prepared silver nitrate solution. Variations in con- 

centration have been shown by former investigators to be of no 

influence upon the weight of the deposit. In our case the electro- 

lyte was always a 20 per cent. solution. 
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Gore' and Kahle found a somewhat larger deposit when the 

kathode was used a second time before removing the silver col- 

lected in a previous run; and Richards and Heimrod corroborate 

their statement so far as the filter paper voltameter is concerned, 

but found no difference with the porous cup voltameter. Patterson 

and Guthe obtained the same deposit on platinum and on silver. 

Table 9 gives the results of tests made with this point in view. 

TABLE IX. 

Richard's Type. Large Anode Type. 

Current. On Plati- On Difference On Plati- On Difference 
num. Silver. Per Cent. num. Silver. Per Cent. 

1.0A. 3.70837 3.70850 + 0.003 3.70879 3.70839 —0.011 

- 4.10461 4.10449 — 0.003 4.10468 4.10510 + 0.011 

It is apparent that it makes no difference whether a clean platinum 

kathode is used or whether the silver from previous runs is left on 

it. Of course, the deposit should not become too heavy on account 

of the increasing danger of mother liquid remaining included in the 

interstices between the crystals. 

The explanation for the heavier deposits on silver in the filter 

paper voltameter is to be sought in the action of the silver upon 

the anode liquid. 

ELECTROCHEMICAL EQUIVALENT OF SILVER. 

In conclusion the results are given of experiments which were 

suited for the calculation of the electrochemical equivalent of silver 

in terms of the electrical standards of the Bureau. According to 

legal specifications the E.M.F. of a Clark cell at 15° C. is 1.434 

volts. The unsaturated Weston cell was found to have an E.M.F. 

of 1.01954 volt. The resistance standards have been repeatedly 

intercompared with those of the Reichsanstalt. 

In Table 10 the amount of silver deposited by one ampere hour 

and under the conditon that the terminal potential difference of the 

resistance was equal to the E.M.F. of the Weston cell, is given for 

the different forms. 

1 Gore, Nature, Vol. 27, p. 327, 1882. 
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TABLE X. 

; ; ’ Richard's T 

— | ee ae, | See | eS 
Grams. 

0.5 4.09881 4.09888 4.10154 
0.5 4.09906 4.09896 4.09891 4.10098 

0.5 4.09870 

1.0 4.09881 4.09881 4.10016 
1.0 4.09896 4.10056 

1.5 4.09897 4.09880 

Average, 4.09888 grams. 4.10081 

~~" 4.09920 4.09942 4.09952 
0.2 4.09955 4.09985 

4.09959 4.09962 

4.09993 

It is seen that the agreement between these independent experi- 

ments is a surprisingly good one, the largest differences amounting 

to less than 1 in 10,000 in the first three types, as long as the cur- 

rent is equal or larger than 0.5 ampere. For 0.2 ampere the 

deposits are invariably greater. This is not surprising. The cur- 

rent in these cases was closed five hours and in spite of all precau- 

tions some of the anode liquid probably diffuses through the porous 

cup during that time. This explanation seems the more plausible 

from the results obtained in the Richards form with 0.2 ampere. In 

the first experiment of the four the anode liquid was removed every 

ten minutes, in the next two every fifteen to twenty minutes and in 

the last every half hour. The increase of the weight of the deposit 

with the opportunity of the liquid to penetrate the porous partition 

is apparent. The current should therefore be closed not longer 

than two hours, this of course depending to a certain extent upon 

the grain of the porous cup. 

To obtain the electrochemical equivalent of silver we have to 

divide the deposit, 4.09888 grams, by 1.01954 x 3600. This gives 

1.11675 mg. per coulomb ; but the silver was weighed with plati- 

num weights and therefore a correction of + 0.0069 per cent. 

should be applied for the buoyancy of air. Thus the final result for 

the silver equipment is 
1.11683 mg. 
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With a filter paper voltameter the corresponding results would 

be 0.048 per cent. higher or 1.11736 mg. Kahle’s comparison 

between the E.M.F. of the Clark cell and the electrochemical 

equivalent of silver reduced to the same value for the E.M.F. of 

the Clark cell would give 1.11726 mg. 

In the following table we find a comparison of the values obtained 

by different observers, all being reduced to same units; Carhart’s 

values are based on two observations, Rayleigh’s on only one. In 

the case of Perot and Fabry,' who used a Clark cell at o° C., and 

found its E.M.F. force to be 1.4522 volts, using 1.118 as electro- 

chemical equivalent, the difference of 0.0164 volts, given by the 

Reichsanstalt, has been used to reduce to 15° C., instead of the 

ratio given by them. Assuming the latter to be correct, the values 

would be identical with von Ettinghausen’s. 

TABLE XI. 

Name. Year. Filter Paper Voltam- Porous Cup Voltam- 
eter (mg.). eter (mg.). 

Carhart. 1882 1.1172 1.1167 

Rayleigh and Sidgwick. 1884 1.1184 1.1179 

von Ettinghausen. 1884 1.1180 1.1175 
Glazebrook and Skinner. 1892 1.11831 1.11778 

Perot and Fabry. 1898 1.1193 1.1188 
Kahle. 1898 1.11726 1.11673 

Guthe. 1904 1.11736 1.11683 

The large differences in these results can hardly all be due to 

the silver voltameter alone. No doubt the Clark cell comes in for 

its share. 

Richards has made an attempt to reduce the absolute measure- 

ments of an electric current to the same basis and finds good agree- 

ment between the results of Lord Rayleigh and Mrs. Sidgwick, Fr. 

and W. Kohlrausch, Kahle and Patterson and Guthe. They all 

agree within 3 in 10,000 and given the mean value of 1.1175 mg. 

The recent determination by van Dijk & Kunst using the filter 

paper voltameter, also gives 1.1175 mg. for the silver equivalent ; 

but Pellat and Leduc obtained 1.1195 mg. or reduced to the same 

basis 1.1188 mg. Thus the latest determinations of the electro- 

chemical equivalent still show a difference larger than 1 in 1,000. 
WASHINGTON, D. C. 

' Perot and Fabry, Annal. de fac. d. sci. Marseilles, Vol. 8, p. 201, 1898. 
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A NEW FORM OF MAGNETIC CONTACT-MAKER. 

By JouHn C. SHEDD. 

HE most common form of contact-maker is one where a plati- 

num wire dips into a globule of mercury. This form 

requires adjustment each time it is used, as well as more or less 

frequent renewal of the mercury. The rate of the clock is inter- 

mittently affected, since the contact is thrown out when not in use. 

Another form, free from some of the defects of the mercury con- 

tact, consists of a mechanical devise connected either with the upper 

part of the pendulum or with one of the wheels, whereby the cir- 

cuit is closed each second. This form has the advantage of making 

it an easy matter to omit the sixtieth beat. It has the disadvantage 

of being inaccessible in case of repairs ; it is also invisible to the 

student, who therefore generally fails to understand just what is 

going on. 

Having in mind the objections to the present forms, the follow- 

ing form of contact was devised. It has worked so 

satisfactorily that I venture to describe it for the benefit ; 

of others. 

Fig. 1 is taken from a drawing of the apparatus as it 7 

| is mounted in the clock. Ds 

A is the lower end of the clock pendulum. B is a am 4 4—c 
permanent magnet made up of 42 laminz separately ot. me 

magnetized before assembling. The dimensions of this yy" 

magnet are: height, 25 mm.; pole area, 6 x 6 mm.; 

distance between poles, 11 mm.; CC are soft iron arma- w#/7qm 

tures laminated and measuring 9 x 6x 5mm. They 

| are mounted on springs, DD, which are adjustable by f \s 

| screws, JM. The contact point is at £ and consists of a —— 

| platinum point playing against a small gold plate. This is adjust- 

able by the screw G. The clearance between the magnet and the 

armatures is about 1 mm. Magnet # has its plane perpendicular 

to the plane in which the pendulum swings. 
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The drawing together of the armatures at each swing of the pen- 

dulum is short and sharp. Since the action is continuous the rate 

of the clock, once adjusted, is not further affected; and since the 

action occurs atthe middle of the swing the effect due to this cause 

is negligible. 

When a signal is desired the circuit of a relay is closed. The 

switch for this purpose is located outside of the clock case, which 

need only be opened for winding the clock. 

This contact has been in service for several months and has 

proven satisfactory in every particular. Its success has been largely 

due to the skill of Mr. Edward J. Hoff, instrument maker of this 

city, who developed the working plans of the apparatus. 
PHysIcAL LABORATORY, COLORADO COLLEGE, 

March 15, 1904. 
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THE THERMO-ELECTROMOTIVE FORCE OF NICKEL 

NITRATE IN ORGANIC SOLVENTS. 

By J. FRANK MEYER. 

F two similar electrodes dip into an electrolyte and one of the 

electrodes is warmed, while the temperature of the other is 

kept constant, a difference of potential is in most cases produced. 

The magnitude of this potential difference depends on the condition 

of the surfaces of the electrodes, on chemical action that may result 

between the electrolyte and the electrodes, and on the difference of 

temperature. 

The effect due to difference of temperature was probably first 

noticed by Walker' who as early as 1825 made some experiments 

by plunging a hot and acold platinum wire into an electrolyte. 

His results give the direction of the flow of current for various so- 

lutions. 

Faraday” repeated and varied the experiment, by placing the 

electrolyte in a U-tube, one arm of which was heated. Various 

metals were used as electrodes in solutions of their salts and in 

most cases the electrode in the hot tube was positive towards the 

cold one. 

Lindig* found in 1864 that if he used copper electrodes in a solu- 

tion of copper sulphate, the electromotive force decreased with in- 

crease in temperature, while for zinc in sulphuric acid no change in 

the electromotive force was observed for a change in the tempera- 

ture. Gore (4)‘ ina series of investigations extending over many 

years, using nearly all available metals and solutions of their salts, 

showed that in most cases the electromotive force depends both on 

1 Walker, Pogg. Ann., 4, p. 327, 1825. 

2 Faraday, Exp. Res., Sr. 17, p. 1932, 1840. 

3 Lindig, Pogg. Ann., 123, p. 1, 1864. 
*Gore, Phil. Mag. (4), 13, p. 1, 1857; Phil. Mag. (4), 43, p. 54, 1872; P. R.S., 

27, p- 513, 1878; P. R. S., 29, p. 472, 1879; P. R. S., 31, p. 244, 1880; P. R.S., 

37> P- 351, 1884. 
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the difference of temperature of the cells, and on the concentration 

of the solution used as electrolyte. 

Bouty’s ' results for various metals in solutions of their salts, show 

the electromotive force to be independent of the concentration, but 

directly proportional to the difference in temperature. He ex- 

presses his results by the formula e = a + mm(t/—?) where a isa con- 

stant and m the electromotive force for unit difference in temperature. 

Carhart* has confirmed Bouty’s results for copper and zinc in an 

investigation of the temperature coefficient of Daniell cells. He 

finds however that the electromotive force increases slightly more 

rapidly than the temperature. 

Ebeling*® also found the E.M.F. to rise more rapidly than the 

difference of temperature, and contrary to Bouty’s results, that the 

E.M.F. is dependent on the concentration, showing maxima and 

minima at definite points, these points being the same for the same 

concentration of various electrolytes having the same acid radical. 

Hagenbach‘* in two series of experiments, the one with platinum 

electrodes, the other with cadmium and lead amalgam, showed that 

with decreasing concentrations from 0.1 normal to about 0.0001 

normal, the E.M.F. decreased. 

Brander’ in 1889 and Emery* in 1894 have also made experi- 

ments on the subject. 

The salts of nickel in several of the above mentioned investiga- 

tions gave very discordant results and McClellan’ has recently 

shown that the electromotive force is very small, at least for tem- 

perature ranges of about 30° C. 

The present investigation has to do with solutions of nickel nitrate 

in four different organic solvents. 

APPARATUS. 

The solutions were contained in two cells made by fusing side 

tubes into short test tubes and connecting them by a short piece 

! Bouty, Jour. de Phys , 9, p. 306, 1880; Comp. Rend., 90, p. 918, 1880. 

2 Carhart, Primary Batteries, p. 100. 

3Ebelign, Wied. Ann., 30, p. 530, 1887. 

4 Hagenbach, Wied. Ann., 53, p. 447, 1894; 58, p. 21, 1896. 

5 Brander, Wied. Ann., 37, p. 457, 1889. 

6 Emery, Nature, 50, p. 236, 1894. 

7™McClellan, Phys. Kev., 17, p. 255, 1903. 
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of pure rubber tubing as shown in Fig. 1. A and & are the cells 

connected at C. The cells were supported by large corks in large 

beakers, and surrounded by water. The beakers were placed in 

wooden boxes and closely packed round with cotton. By these 

means it was possible to keep the 

* if ) { temperature of the cells constant 

to 0.1° C. for several hours at a 

time. To heat the cells, each 

was surrounded by a coil of ger- 

man silver wire, with leads com- 

a Y ing through the corks and con- 

La oy, nected to a switch so that a cur- 

Fig. 1. rent could be sent through either 

coil at will. 

The cells were 10.5 cm. high, 2 cm. in diameter and the connect- 

ing tube S about 25 cm. long and 0.4 cm. internal diameter. The 

shape of S prevented convection currents between the two cells and 

the rubber connection at C allowed the cells to be easily cleaned. 

Each cell was fitted with a two-hole rubber stopper, through 

which passed a glass tube into which the electrode was sealed, and 

a thermometer. The thermometers were graduated to fifths of 

degrees. 

The electrodes finally used were long platinum wires sealed into 

glass tubes so that 15 cm. of wire projected below the glass tube. 

This wire was then coiled into a coil about 1.5 cm. long. The 

bulbs of the thermometers were placed at the same level in the cells 

with the electrodes. The symmetrical form of the cells allowed 

the interchange of the electrodes, and either cell could be heated, 

as before mentioned. The rather large internal diameter of the 

connecting tubes decreased the internal resistance of the cell and 

evaporation was prevented by the rubber stoppers. This was 

specially necessary in the case of acetone as a solvent, its boiling 

point being 56.3° C. 

Various forms of electrodes were tried before the form above 

described was adopted. It was thought that polarization could be 

largely prevented by using platinum foil as electrodes. Pieces of 

foil 2 cm. square were rolled into cylinders and tried. Though the 
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pieces had been cut from the same piece of foil, it was found impos- 

sible to get such large surfaces to the same condition exactly, and 

an initial E.M.F. of from .02 to .03 volts was always found. They 

were therefore not used. Platinized platinum wires were tried with 

the same hope, — to prevent polarization by increasing the surface. 

But again an initially large E.M.F. was always found. Nickel 

wires and nickel plated platinum wires gave no better results, 

though they were boiled in water, in concentrated potassium hy- 

002 

-004 

.005 

.006 

-.007 | 

Fig. 2a. 

droxide and again in water before each trial. With the smaller 

surfaces of the platinum wire coils, by successive boiling in water, 

concentrated nitric acid and again water, and final heating to incan- 

descence for several minutes in a Bunsen flame, it was possible to 

get the initial E.M.F. equal to zero. If at any time the electrodes 

were not alike when put into the cells, an hour’s standing usually 

brought them to zero potential. If not, they were removed and 

recleaned. 
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Long platinum wires led from the electrodes and to these were 

fastened thin copper wires, which were in turn connected to a 4- 

way plug key, and thence to the potentiometer. The junctions of 

copper and platinum were far from the cells and were fully exposed to 

the air. Nodifference of temperature at the junctions was detected. 

The potentiometer used was made by Morris E. Leeds & Co., 

and reads directly to .oooo1 volt. A Weston standard cell was 

used for calibration. By moving a single switch on the instrument, 

the unknown or the standard is put into the circuit. A Rowland 

D'Arsonval galvanometer was used for the measurements. 

When the electrodes had been prepared, the cells were filled with 

the solution, electrodes and thermometers inserted, and the whole 

allowed to stand in the water baths until the temperatures were the 

same and constant. This often required an hour or more. The 

potentiometer was carefully balanced, the cells thrown into circuit 

and another balance obtained. By again shifting the double throw 

5 10 15 20 25 30 switch the original balance was 

| tested. A current of about 2 

amperes was then sent through 

the heating coil of one cell and 

the temperature gradually raised. 

Readings of the E.M.F. were 

taken about every 5 degrees. 

The following solvents were 

used: Acetone, absolute ethy] 

alcohol, aniline and _ pyridine. 

The nitrate of nickel is the only 

salt soluble in those organic 

substances, and the pfesent pa- 

per gives results for this salt 

only. 

RESULTS. 

The following tables (p. 162-3) 

give temperature differences be- 

tween the hot and cold cell, and the corresponding electromotive force. 

In the tables 7o denotes the temperature of the cold cell, which 

was kept constant during an experiment, 7— 7o the difference in 

Fig. 2b. 
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temperature of the cells, and V — lo the electromotive force cor- 

responding to the temperature 7— Zo. In the curves, tempera- 

ture differences are plotted as abscisse2 and E.M.F. in volts as 

ordinates. The positive sign in the tables and curves above the 

axis of abscissz, denote an E.M.F. such as to cause a current to 

flow from the cold to the hot electrode through the external circuit. 

-001 

| | 
" 

| 
aoe 

es 
- 

-,001}- ; Ee 

| 
| 

-.002 
5 10 15 20 25 30 

Fig. 2c. 

The curves themselves simply connect points at which readings 

were made. It was thought better to show the variations in suc- 

cessive series of measurements, than to find averages and plot an 

average curve. 

Nickel Nitrate in Acetone, — Tables I., II. and III. and Figs. 2, 

a, 6 and ¢, give results for one tenth, one twentieth, and one fiftieth 

normal solutions. 

For the acetone solution the thermo-electromotive force is zero 

for nearly 10° for all concentrations used. There is an abrupt rise 

in the case of the tenth and twentieth normal solutions, the twentieth 

normal giving about .o1 volt for a temperature difference of 30°. 

The fiftieth normal solution is nearly zero for all temperatures. A 

large number of curves show the same characteristics, and in all 

cases, the flow of current was from the hot electrode to the cold in 

the external circuit, denoted by the negative sign in the tables 

above. The difference in E.M.F. produced by changing the con- 

centration from a tenth normal to a twentieth normal is inap- 

preciable, showing the E.M.F. independent of the concentration. 

Nickel Nitrate in Absolute Alcohol.—Tables IV. and V., and 

figures 3, a and 4, give results. 
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TABLE I. 

1/10 Normal Nickel Nitrate in Acetone. 

[VoL. XIX. 

To=20.9° V’o=—.o160 To=18° Vo=— .0006 To=23.8° Vo=.0000 To=22.6° l0=.0000 

7T—To V—Vo 7—To V--Vo 7—To V—Vo ti Ti 

.0 0.0000 0.88 0.0000 0.0 0.0000 0.3 

5.7 .0000 1.4 -0000 0.4 -0000 3.1 

12.8 —.0002 6.4 -0000 8.6 -0000 7.3 

19.2 —.0013 10.6 —.0004 11.6 —.0005 10.9 

26.0 —.0044 15.2 —.0006 14.4 —.0009 15.1 

21.6 —.0015 18.8 —.0045 21.9 

26.2 —.0059 

TABLE II. 

1/20 Normal Nickel Nitrate in Acetone. 

To a. Vo=.0000 )§=6T0=14.99 Vo=.0000 70=15.5° Vo=.0000 §=6©70=22° 

7T—To V—Vo 7—To V—Vo T—To V—Vo 7T—To 

3.5 0.0000 2.1 0.0000 2.8 0.0000 2.0 

4.7 -0000 4.6 -0000 6.1 —.00003 4.6 

7.7 -0000 7.6 -0000 9.3 —.00008 7.0 

11.4 —.00005 10.6 —.0002 14.3 —.0004 11.0 

13.7 —.0002 13.7 —.0004 18.8 —.0004 14.0 

15.7 —.0004 17.4 —.0007 20 —.0020 

19.7 —.0030 20.4 —.0050 21.7 —.0050 

22.6 —.0060 25.6 —.0056 

27.3 —.0090 27.5 —.0087 

30 —.0099 

Tas_e III. 

1/50 Vormal Nickel Nitrate in Acetone. 

To=24.8° Vo=.000 To=20° Vo=.0000 To—26.6° 

Ris Sop V—Vo 7—To b—lo T—To 

3.2 0.0000 6.2 0.0000 4 

7.5 0.0000 12.5 0.0000 7.6 

8.6 0.0000 18.3 — 0.00037 13.9 

13.7 — 0.00006 24.0 — 0.0005 17.2 

25.9 

V—Vo 

0.0100 

V’o—.0000 

V—Vo 

0.0000 
-00005 
-00005 

—.0008 

Vo—.0000 

V—Vo 

0.0000 
0.0000 

— 0.00006 
— 0.0002 

— 0.0006 

For the fiftieth normal solution only in one instance in many trials 

ence of 30° gave —.0005 volts. 

was any thermo-electromotive force obtained—a temperature differ- 

In all other trials no E.M.F. 
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TABLE IV. 

110 Normal Nickel Nitrate in Absolute Alcohol. 

Jo-21.4 Vo= .0000 To—12° Vo-=.0000 To=20° J’e=.0000 To=15.8° 

T—To | y—vo T-To V—Vo T—To V—Vo T—To 

3.1 0.00005 4.0 0.00006 3.3 0.00009 6.2 
8.8 | —.90034 7.4 —.00009 7.8 —.0002 9.2 

12.6 —.9004 15.4 +.00016 16.1 —.0002 25.5 
16.2  —.90043 22.7 .00039 22.8 - .0004 33.2 
19.8 -00043 27.8 +.0013 40.2 
25.0 —.9002 33.2 +0044 
29.4 +.0040 38.0 +.0056 
32.0 +.0052 42.5  +.0099 
34.4 +0059 | 

TABLE V. 

1/20 Normal Nickel Nitrate in Absolute Alcohol. 

To 4 Vo —.0000 To onal le .9000 7o--8.6° 

7-To V—lo 7— To V—Vo 7—To 

6 0.0000 3.6 0.0000 4.4 
10 0.0000 11.7 +.0005 10.0 
12 0.0000 16.3 + .0045 15.4 
17.3 +.0004 21.5 +.0086 21.6 
21.0 ~.0050 27.1 +.0175 24.6 
25.0 .0096 31.6 
29.0 +.0160 

bility. 

rapidly. 

could be detected. 

of the solution is evidently large. 

The curves for the tenth normal solution are quite regular. 

temperature differences of about 25° the hot electrode is positive, 

but above 25° there is a change in sign, the E.M.F. rising very 

tone or a water solution. ' 

It is probable that if it were possible to eliminate all polarization 

effects, the heated electrode would be positive throughout the en- 

tire range of temperatures. ~ 

1 McClellan, loc. cit. 

tenths of a volt hardly deflected the galvanometer. 

163 

l o==.0000 

V—lo 

0.00006 
—,.00009 

—.0005 
+.0036 
.0092 

Vo—.0000 

V—Vo 

0.0000 
0.0000 
+ 0003 

+ 0036 
.0098 

+.0131 

The potentiometer was much reduced in sensi- 

Shifting the keys so as to change the balance by 3 or 4 

The resistance 

The twentieth normal solution is similar in behavior, the 

change from “ hot to cold” to “ cold to hot” coming at about 15° 

1 The E.M.F. becomes large in both cases when compared with ace- 

For 
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The organic bases, aniline (NH,C,H,) and pyridine (C,H,N) have 

also been used as solvents. Nickel nitrate is readily soluble in 

aniline, but only very slightly soluble in pyridine. 

pitt tt 
if 
| 

| 
oesr 

007 

006 

= .CO2 + 

Fig. 3a. 

A saturated solution in pyridine gave altogether negative results 

for temperature differences of nearly 100° C. 

Aniline solutions, both one tenth and one twentieth normal, simi- 

larly gave negative results for wide ranges of temperature—from 

about 3° C. to 80° C. 
CONCLUSIONS. 

The thermo-electromotive force of nickel nitrate in aniline and 

pyridine with platinum electrodes is zero through a temperature 

range of about 80° C. 

In solutions of nickel nitrate in alcohol, the heated electrode is 

first positive and becomes negative towards the cold electrode, while 

in acetone solutions the heated electrode is always positive. 
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The thermo-electromotive force is independent of the concentra- 

tion from one tenth to one fiftieth normal. 

Polarization effects cannot be avoided and they are large enough 

to mask the thermal effects in the measurements. A method that 

would employ no current is the only one that seems entirely satis- 

factory for measuring the very small differences of potential. Only 

012 

011 

010 

-009} 

.008 

.CO7 

.006 

.005 

004F 

.003 

002 

.001 

Fig. 3a. 

by the very greatest care can concordant results be obtained by the 
potentiometer method, and it is very desirable to check the results 

obtained by another method not using current. 

It also remains a question of interest to measure the degree of 

dissociation in these organic solvents by determining the molecular 

conductivity. A possible relation between thermo-electromotive 

force and the dissociation might thus be quantitatively shown. 
RANDAL MORGAN LABORATORY OF PuHysIcs, 

UNIVERSITY OF PENNSYLVANIA, April 2, 1904. 
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ON THE DIFFERENTIAL TELEPHONE. 

By H. Ho. 

EING of the opinion that the differential telephone must take 

an important place in any electrical laboratory, and that I 

was the first to show its utility in various measurements, I could 

not but be pleased to find that Messrs. Duane and Lory have recently 

employed the differential telephone in the comparison of induc- 

tances. An article describing the work of Messrs. Duane and Lory 

appeared in the April number of the PuysicaL Review, in connec- 

tion with which I take the liberty of making the following remarks : 

The connection adopted by the authors is what may be called 

multiple connection, the inductances in series with the telephone 

coils being connected in multiple as represented by Fig. 1, in 

which m, and m, are the two coils of 

a differential telephone, in series with 

the known variable inductance Z and 

the unknown inductance ‘X respec- 

tively, and forming two parallel circuits 

between the points a and 4, at which 

an alternating E.M.F. is applied. The 

inductance and the magnetic effect of the telephone coils and the 

total ohmic resistances are made exactly equal in both arms, and 

then Z is varied till no sound is heard in the telephone, in which 

Fig. 1. 

case X = L, 

The principle is perfectly correct, and in fact this is the simplest 

method of using a differential instrument, at once suggested by the 

well-known method of comparing resistances by means of a differ- 

ential galvanometer. 

Before proceeding further, I have to speak of the method of 

winding a differential telephone. Messrs. Duane and Lory seem to 

have had some trouble in adjusting the two coils to be exactly 

> 

‘ 
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equal in their inductance, resistance and magnetic effect. The diffi- 

culty can be easily avoided by adopting my method of winding. It 

is simply to wind two similar wires in twin, that is always side by 

side and as close together as possible from beginning to end. It is 

needless to say that the two coils thus made are perfectly equivalent 

in their magnetic effect, and the ohmic resistance also generally 

requires little adjustment ; but the most important property of the 

coils thus made is that in the state of balance, that is when equal 

and opposite currents are flowing through these coils, their induc- 

tances are completely balanced by the mutual inductance and they 

act as non-inductive resistances. This latter property allows the 

coils to be treated in calculation as if they were simple non-inductive 

resistances, and allows them to be 

shunted with non-inductive _resist- ~) 

ance, in which case the ordinary cal- ( ‘) | 

culation for shunt connections may pe were™ ~ WwW 

be employed. This condition is vital 

in many applications of the differ- 

ential telephone and the telephone i E 

used in my methods is always wound 

in this way. T 

I will now explain why I did not 2 

recommend the method used by Messrs. Duane and Lory but adopted 

what may be called series connection, that is the method in which the 

inductances are connected in series instead of in multiple as in Fig. 2. 

Suitable non-inductive resistance FX is added either to Z or to X, 

as the case requires, to make them perfectly equal in resistance ; 

this adjustment is done with an ordinary mirror galvanometer. The 

differential telephone / is connected with proper consideration of the 

relative direction of currents in the coils, to the terminals of the 

known and the unknown inductance as shown in the figure. ~ is 

a source which supplies a proper amount of alternating current. Z 

is varied till no sound is heard in the telephone, in which condition 

X= L. 

The principle is analogous to the ordinary method of comparing 

resistances by the fall of potential, and I will not enter into its 

explanation. 
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If, for example, Y is below the range of Z, then we make the 

resistance of Lm times larger than that of , and also make the 

resistance of the telephone coil corresponding to Zm times larger 

than that of the other coil, by addition of suitable non-inductive 

resistances. In this case, the ratio of Y and Z that give balance is 

1/m, as may be easily proved. If X is above the range of Z, we 

have only to do the reverse. 

Now to come to the comparison of these two methods of connec- 

tion. The division of current between the two parallel arms of the 

multiple connection is determined by the ohmic resistance and the 

inductance of the arms ; the same things also determine the division 

of E.M.F. in the series connection. Therefore, the effect of the 

ohmic resistance of the inductive coils to be compared is to decrease 

the sensitiveness of both methods, the ideal favorable case being its 

entire absence. Now, in the multiple method, the resistance of the 

telephone coils, which is usually very large, is added to the resis- 

tance of the inductive coils to be compared, thus decreasing the 

sensitiveness of method, while the resistance of the telephone has 

nothing to do with the division of E.M.F. in the series method. In 

short, we may say that the multiple 

connection is in no case superior, 

and that in most ordinary cases it is 

inferior to the series connection. 

Messrs. Duane and Lory report that 

they obtained much more accuracy 

than I reported; but this is due, I 

think, to their experimental skill, and 

notat allto the superiority of method. 

I believe that they would have ob- 

tained still better results if they had adopted the series connection. 

I add here a short description of the comparison of capacities by 

Fig. 3. 

means of the ‘differential telephone. 

For this we must necessarily adopt multiple connection, as shown 

in Fig. 3, in which & is a variable resistance, preferably with sliding 

contact, which shunts one of the telephone coils in series with the 

larger capacity. AX is varied till no sound is heard in the telephone 

T, in which condition we have 



No. 2.] ON THE DIFFERENTIAL TELEPHONE. 169 

C, r+R 

=. 

This can be proved as follows: Let Z, and Z, denote the induc- 

tances of the telephone coils and J/ the mutual inductance between 

them, and let z,, 2, + jz,’ and 7, + 72,’ be the currents through the two 

coils and & respectively as indicated in the figure, and ¢ + je’ the 

potential difference between the two points a and 6. Then we get 

the following three equations : 

a. gl oi 
i(r —jol, +] oc) ti + ji.) joM = e+e, 

(7, + jt,’ )(r —joLl,) + U7oM = (2, + 7i,')R, 

[a + tJ +4) C6 tts) Rae tye. 

Since in our case, Z, = L, = M/, we may put ol, = wl, = woM 

=x. Thus, putting for brevity, 1/wC, = +, and 1/wC,= +,, the 

three equations become, 

NY = E+, 

(i, + if) (7 —J2) + Jie = (i, + J8J)R, 
[(2, + zs) + j(2,' + i, ) 7%, mé +je’. 

From these we get, 

-»  %0,«R— irxf{R +r) ae 
9 

. wr, * x(R + r/ 
, 

, a see oe - _ 4ark — 1, x°x, 

ae X(R+r)« . 

If we take such a value of & that 

r+R_¢ 

R ~ 
we get 

and vice versa. Now, that 7,/ =o and 7,’ = 7, means that no sound 

is heard in the receiver, and thus the formula is proved. 
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By using an E.M.F. about 500 volts I could measure capacities less 

than one millionth of a microfarad in comparison with a parallel plate 

air condenser, in the laboratory of the Tokio Imperial University. 

For the measurement of resistances, either series or multiple 

connection may be adopted, according to circumstances, and it was 

even found possible to measure a conductance and a-capacity in 

parallel at the same time. 

The agreeable sharpness of balance can never be realized until 

one has actually used a differential telephone, and I firmly believe 

that when the real value of the differential telephone is known it 

will become one of the most necessary instruments in many branches 

of electrical measurement. 



No. 2. } A WAVE MACHINE. 171 

A WAVE MACHINE. 

By A. P. CARMAN, 

ACHINES to illustrate wave motion have been divided into 

two kinds: first, those which show the forms of the wave 

at different instants but without any true wave motion ; and second, 

those which have a real dynamical connection between the moving 

parts so that there is a true wave motion. Most of the wave 

apparatus found in physical cabinets belongs to this first class. 

Such are the various forms of apparatus used in the projection 

lantern, and also the devices with eccentrics for imitating wave 

motion. The machine described here belongs to the second kind, 

o- b - 
Fig. 1. 

the elastic connection between the parts being by means of a spiral 

spring. It resembles in this respect the apparatus of Weinhold' 

and also that of Vincent.* The construction can be seen from the 

figures. There are sixty steel rods, each sixty centimeters long 

Fig. 2. 

carrying on each end a lead ball about one centimeter in diameter. 

Each rod is supported and balanced in gimbals, so that free motion 

in every direction is secured. These gimbals are arranged uni- 

formly in a horizontal frame three meters long. The lead balls on 

1 Weinhold’s Physicalische Demonstration, p. 206. 

2 Phil. Mag., December, 1898. 
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one side are connected by a spiral spring made of fine steel piano 

wire. The spring is stretched horizontally on the same level as the 

gimbals, and the balls are spaced uniformly along the spring, being 

tied in place by fine binding wires. Each rod is balanced as regards 

gravity, so that its motion is determined wholly by the elastic con- 

nection of the spring with the neighboring rod and ball. It was 

found easy to make gimbals with very little friction, so that a 

motion travels along the whole line of balls and is reflected back. 

With this apparatus both transversal and longitudinal waves are 

shown, and the velocity of propagation is slow so that the eye can 

follow the motion without difficulty. Standing waves are also 

beautifully shown. To start the waves, the hand has been used, 

but it has been suggested to use a metronome or other mechanical 

means and that may be done. 

The wave apparatus of Mr. J. H. Vincent, referred to above, was 

devised to illustrate Helmholtz’s theory of dispersion. Mr. Vincent 

has a series of lead balls suspended by long threads (271 cm. long), 

and connected by a horizontal spiral spring. On this first series of 

pendulums there is suspended a second series of pendulums to 

represent the medium. He then shows how beautifully and com- 

pletely the Helmholtz dispersion formula can be illustrated quanti- 

tatively by the model. It occurred to the writer that the apparatus 

described in this paper could be used for the same purpose. For 

this it is necessary to have a second series of lead balls which should 

be spaced in the same way as the balls on the wave model, and all 

balls of this second series should have the same natural period of 

vibration. This was accomplished by fixing a lead ball on the end 

of a stiff steel piano wire, and clamping the other end of the wire 

so that the spring pendulum thus formed was nearly horizontal. 

The series of these pendulums was arranged uniformly along a 

horizontal metal bar, and each ball was connected by a light spiral 

spring with the corresponding ball of the wave model. The period 

of the second set of balls could be easily altered by adjusting the 

length of the clamped steel wires. The wires used were about one 

millimeter in diameter and twenty-five centimeters long, and the 

lead balls were 1.5 cm. in diameter. As thus arranged the appa- 

ratus served well for illustrating the Helmholtz dispersion theory. 
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The figure explains the construction described above. The ma- 

chine as constructed in the workshop of the department is mounted 

on a frame made of gas-pipe and is convenient to move about the 

laboratory. It serves better than any apparatus with which the 

writer is acquainted the purposes of lecture room wave apparatus. 

PHysicaAL LABORATORY, 

UNIVERSITY OF ILLINOIS, June, 1904. 



174 NEW BOOKS. [VoL. XIX. 

NEW BOOKS 

Electric and Magnetic Circuits. By Evitis H. Crapper. Pp. 1 
+ 377. Longmans, Green & Co, New York, 1903. 

The scope of this book is indicated in the preface as follows: ‘‘ This, 

the introductory volume of a treatise on electrical engineering, deals 

with the fundamental principles of electricity and magnetism, and ex- 

plains fully all the essential relationships of electric and magnetic cir- 

cuits met with in continuous current working, and it is hoped that 

the subjects of generation, transmission, distribution and application 

of electrical energy may receive full and adequate treatment in the suc- 

ceeding. volumes without requiring so much introductory matter, devoted 

to electrical engineering principles, terms and definitions, as is customary 

in many of the standard technical treatises.’’ The subject is treated 

with great care and accuracy under the following headings: Practical 

electrical units; electrical circuits and electrical effects; principles of 

distribution and design of mains; magnetism; the magnetic circuit ; 

coil-winding design; the generation of electrical pressures; types of 

dynamos; the electric motor; efficiencies and dynamo calculations ; 

systems of electrical units; useful tables and constants. The author’s 

aim to acquaint the student with the quantitative side of the subject is 

certainly commendable, but seems overdone. 

The treatment throughout is academic, and this is particularly true of 

the six or seven hundred problems which form an important and character- 

istic part of the book. Thus on p. 281 ‘‘ In ashunt dynamo”, = 0.013267 

ohm, ~,, = 32 ohms. If the exciting current is 3.5 amperes, and its elec- 

trical efficiency is 96 per cent when 2 = o.7 ohm, determine the E. M. F. 

generated.’’ The answer is given as 114.1692 volts. If the data is 

assumed, one wonders why this particular value of armature resistance 

was selected. On the other hand if this be a real resistance, one marvels 

at the accuracy of the determination. It would seem that some method 

must be devised to have the armature run without heating to make it 

possible to compute the E. M. F. to one fen thousandth of one per cent., an 

accuracy a thousand times greater than can be practically obtained. It 

is important for an engineer to know how far his figures are significant 

and such fictitious exactness leads the student in the wrong direction. 

Problems on the same page deal with 312.589 watts and 93.303 H. P. 

As horse power is made dependent upon the ‘‘ force equivalent to the 

weight of one pound,”’ the latitude and altitude of the dynamo in ques- 



No. 5.] NEW BOOKS. 175 

tion, or some means of determining the force of gravity, must be included 

in the problem to determine horse-power to any such accuracy. 

The author hopes the problems will appeal to the practical man. One 

who perseveres in working them all will certainly become a skilled 

arithmatician. ° F. B. 

A Handbook for the Electrical Laboratory and Testing Room. By 

J. A. Freminc. Vol. II., pp. 1+ 616. London, Electrician Printing 

and Publishing Company, 1903. 

Dr. Fleming has brought together much valuable material, arranging 

it in five chapters of about equal length as follows: (1) Measurement 

of electrical quantity and energy; (2) measurement of capacity and 

inductance ; (3) photometry ; (4) magnetic and iron testing; (5) dy- 

namo, motor and transformer testing. Of these chapters the first four 

are the most valuable. The second chapter gives an admirable and per- 

haps the most complete text-book treatment of capacity and inductance 

measurements. Although, as is obvious, much of this cannot be new, 

the reader feels the benefit of the author’s personality and laboratory 

experience. 

Thus after a discussion of methods of Mawxell, Rayleigh, Anderson, 

Ayrton and Perry, etc., we read ‘‘ After a wide experience of the vari- 

ous methods which have been proposed for the measurement of induc- 

tance, the author has found no method which is better adapted for 

the everyday purposes of the electrical laboratory than a combination of 

the Anderson method with the use of a battery and galvanometer circuit 

interrupter as proposed by Ayrton and Perry to increase its sensitiveness. 

The double interrupter, as made by most instrument makers, gives, 

however, a good deal of trouble with the contacts.’’ After this a 

double-current contact-maker is described which has been found by Dr. 

Fleming to be satisfactory. 

The chapter on dynamo, motor and transformer testing is less adequate 

and complete. The generally accepted methods of determining trans- 

former regulation and efficiencies without load are not given; nor the 

short circuit tests of alternators. The testing of alternating current 

motors is scarcely more than touched upon; rotary converters are ig- 

nored. ‘The testing of electrical machinery does not constitute there- 

fore a strong part of the book. 

The book as a whole contains much valuable and interesting material 

and may be read with profit. In many ways it is a treatise rather than 

a manual or handbook. Particularly valuable are the copious references 

to original sources. 
Pr. B. 
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Ready Reference Tables. By Cart Herinc. New York, John 
Wiley & Sons, 1904. Pp. xviii +196. 

The first volume of Mr. Hering’s manual contains conversion factors of 

numerous units used in measurements of every kind together with a wealth 

of data bearing upon the subject. In the selection and arrangement of his 

materials Mr. Hering has shown excellent judgment. His tables of units 

of each class are, for example, divided into two parts. ‘The first contain 

the usua/ units with the accepted precise relation and the logarithm of 

the ratio to seven places ; together with an approximate value. Unusual 

and obsolete units, and those used in special trades are classified by 

themselves under the heading of the countries to which they belong. 

Great pains has been taken to secure authentic values for the important 

fundamental units of length, mass, etc., and the list of conversion factors 

given under each is sufficiently large to serve the purposes of almost 

every form of computation. ‘The tables of conversion factors are pre- 

ceded by a table of symbols and abbreviations, by an introduction deal- 

ing with the relation of units and physical quantities and by a table of 

the physical quantities in common use, with dimensional formule, name 

of the c.g.s. and practical unit, etc. A very full index of ten pages 

greatly adds to the convenience and usefulness of this little volume. The 

book is printed on thin paper with flexible covers. 
E. L. N. 

The Mechanical Engineer's Reference Book. By H. H. Supvee. 
Philadelphia, J. B. Lippencott Company, 1904. Pp. 1 + 834. 

The arrangement of this book is particularly convenient, and the 

material on the whole is well selected. It is divided into sections, each 

provided with a thumb index, as follows: mathematics, mechanics, ma- 

terials of engineering, strength of materials, machine design, heat, air, 

water, fuel, steam, steam boilers, steam engines, internal combustion 

motors, electric power, the cost of power, works management. 

The work is intended to be a successor to Nystrom’s pocket book, 

now out of print. The material is selected with reference to its useful- 

ness to the mechanical engineer, subjects pertaining to mechanical engi- 

neering being treated fully and adequately, allied subjects more briefly. 

Some tables, as those relating to steam, are given in metric as well as in 

British units. The section on electric power is unimportant, consisting 

chiefly of wiring data, underwriters’ rules and the standardization report 

of the American Institute of Electrical Engineers. ‘The sections on 

mathematics (233 pp. ), mechanics, air, heat and water give much ma- 

terial useful to the physicist. The book should take high rank among 

hand-books. 
F. B. 


